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GPU-Based Hierarchical Motion Estimation for
High Efficiency Video Coding
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Siwei Ma , Senior Member, IEEE, and Wen Gao, Fellow, IEEE

Abstract—Motion estimation (ME) plays a crucial role in
removing the temporal redundancy for video compression.
However, during the encoding process a substantial computational
burden is imposed by ME due to the exhaustive evaluations of
possible candidates within the searching window. In view of the
increasing computing capacity of GPU, we propose a GPU-based
low delay parallel ME scheme for high efficiency video coding
(HEVC). In particular, considering the quadtree coding structure
of HEVC, we achieve the parallelization in a hierarchical way by
optimizing the ME process in a coding tree unit (CTU), prediction
unit (PU), and motion vector (MV) layers. Specifically, in the CTU
layer, a novel motion vector predictor determination scheme is
proposed to alleviate the side effects of inaccurate MV prediction
due to the removal of the CTU-level dependency. In the PU
layer, a novel indexing table is particularly designed to realize
an efficient cost derivation strategy. As such, the cost of each PU
can be computed in a convenient and efficient manner. In an MV
layer, we propose a compact descriptor to represent MV and its
corresponding cost as a whole, such that the redundant branches
can be further avoided in the searching process. With such an
optimization strategy, the proposed scheme can completely save the
encoding time for ME on CPU. Experimental results demonstrate
that the proposed scheme can achieve 41% encoding time savings
with the ME acceleration up to 12.7 times, and the incurred BD-
BR loss is only 0.52% on average. Moreover, further experimental
results show that the proposed GPU-based ME can achieve up to
200 times acceleration compared to the full search ME on CPU.
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I. INTRODUCTION

H IGH-EFFICIENCY Video Coding (HEVC) [1] [2], which
is developed as the joint video project by the ISO/IEC

Moving Picture Experts Group (MPEG) and ITU-T Video Cod-
ing Expert Group (VCEG), has achieved significant coding ef-
ficiency improvement compared to the previous video coding
standard H.264/AVC [3]. The dramatic performance improve-
ment of HEVC is obtained at the cost of greatly increased com-
putational complexity in the encoding process [4].

To reduce the greatly increased complexity of the encoder,
recently numerous approaches have been proposed. In [5], Shen
et al. investigated the spatial and temporal correlations between
the current coding unit (CU) and its adjacent/co-located CUs,
and proposed a fast algorithm to achieve early CU splitting
termination for inter coding. Another fast CU size decision al-
gorithm was proposed in [6] based on the energy of prediction
residuals. In [7], a two-layer ME scheme with latent sum of
absolute differences (SAD) estimation was proposed, and the
latent SAD were utilized for fast CU size decision. In [8], a
quadtree probability model based on quantization parameter
and group of picture (GOP) structure was proposed, which can
help skip coding tree unit (CTU) partitions with little possibil-
ity to be the best. In [9], a hybrid zero block detection scheme
was proposed to improve the performance of zero block and
about 40% complexity can be eliminated. In [10], Hu et al.
introduced a Neyman-Pearson-based rule to balance the rate-
distortion (RD) performance and complexity reduction, which
has achieved about 60% time saving.

Among all HEVC encoding modules, i.e. intra prediction,
motion estimation (ME) including fractional interpolation, mo-
tion compensation (MC), quantization, transform, and entropy
coding, the most time consuming task during the encoding pro-
cess is ME. Fig. 1 provides the time consumption distribution
of the major modules in an HEVC encoder. Specifically, the
statistics were obtained by compressing 500 frames of 1080p
sequence BasketballDrive with low delay P (LDP) configura-
tion. The Quantization Parameter (QP) value is set to be 27
and the coding platform is HEVC test model (HM) [11] version
16.2. It is shown that ME, which is the most time consuming
module, takes up over 44% of the total encoding time.

The computational burden of ME mainly originates from mul-
tiple reference frames, recursive coding unit partitions, multiple
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Fig. 1. Running time distribution of HEVC encoder for sequence Basket-
ballDrive with the LDP configuration.

searching locations and fractional pixel interpolations. In view
of this, numerous methods have been proposed to reduce the en-
coding complexity of ME. In [12], an adaptive reference frame
selection scheme was proposed to reduce the reference frame
candidates, thus computational complexity of ME can be sig-
nificantly reduced. In [13], a motion classification-based search
algorithm is proposed to decrease the complexity of integer
motion search. Considering the new video coding structure es-
pecially the quadtree coding structure with flexible CU and pre-
diction unit (PU) partitions, some researchers focused on opti-
mizing the coding structure to avoid high complexity [14]–[17].

In order to reduce the computational complexity of full search
in the ME process, many fast searching algorithms have been
proposed for ME on CPU including three step search [18], four
step search [19], diamond search [20], hexagon search [21], etc.
With these advanced searching strategies, substantial ME com-
plexity reduction can be achieved with acceptable performance
loss since the number of searching points can be largely reduced.
In the common test conditions (CTC) of HEVC [22], Test Zone
(TZ) Search [23] is adopted as the fast It uses the multiple initial
search point decision to locate an initial search point and hybrid
block matching search to find the best matching block. However,
the computational complexity is still relatively high. In [24], a
fast ME algorithm was proposed by refining the search pattern
for the TZ Search. In [25], an early termination strategy was
also proposed for the TZ Search based on the content properties
of CUs with different sizes and the distributions of best motion
vectors (MVs). In [26], Li et al. proposed to utilize hexagon
search to replace the TZ Search. For the sequences with slow
movements, 2 ∼ 6 times acceleration can be achieved for ME.
In [27], the method in [26] was improved by a context-adaptive
fast ME scheme. The scheme evaluated the block motion in-
tensity by the differences between the MVs of the current and
nearby blocks. If intensive motion activities are observed, the
original TZ Search is applied, otherwise the hexagon search is
performed. In order to reduce the searching complexity, an adap-
tive search window selection method was designed for HEVC
in [28], in which the search window is determined according to
the MV predictor with CU size 64 × 64. In [29], an adaptive

search range decision method was proposed based on a feature
learning method.

Though these above CPU based optimization schemes can
economize the computational resources of ME, the remaining
operations are still time-consuming due to their dependence and
sequential calculation on CPU. With the rapid development of
graphic processing unit (GPU) processing capability, there has
been a strong demand of using GPU as the coprocessor to assist
CPU in dealing with data-intensive applications [30]–[33]. For
video coding, some prior works have been proposed in order
to reduce the computational burdens on CPU by introducing
GPU to process computation-intensive operations in parallel. In
[34], a GPU based HEVC decoder is proposed and the average
decoding speed was over 140 frames per second for ultra high
definition 4 K sequences. Chen et al. presented a block-level
parallel scheme for the variable block size ME in H.264/AVC
on the CUDA platform [35]. This scheme achieves 12 times
faster than CPU only. In [36], a dynamic load balancing scheme
was proposed to achieve higher utilization of GPU and provide
better speedup. Wang et al. firstly designed a parallel variable
block size ME algorithm for HEVC in [37] by jointly utilizing
GPU and CPU. However, the limitation is that it can only process
pixel-level ME line by line, which may create significant coding
performance loss. Xiao et al., Xiao2015HevcGPU proposed an
HEVC encoding optimization framework using multicore CPUs
and GPUs. However, although only the motion estimation is
performed on limited points with a specific search pattern, the
dependencies between PU and its sub-divisions still severely
restrict the parallel implementation for ME. In [39], Luo et al.
proposed a look-up table based SAD calculation scheme for
various PU sizes, but the limitation is that it only supports 32×32
and smaller PUs due to lack of optimization on shared memory
usage.

For GPU based ME implementation in HEVC, the main chal-
lenge is how to construct a certain module to expose as much
data parallelism as possible by breaking data dependence. It
is worth mentioning that this poses enormous challenges since
dependency may exist between different data units in the ME
process. Moreover, convenient flow control instructions of ME
on CPU cannot be transplanted directly to GPU, since such in-
structions may cause different threads to follow different execu-
tion paths, which may need to be serialized. It will significantly
degrade the performance of GPU execution. Another challenge
is that the dedicated scheme should try to avoid the off-chip data
access as much as possible, as it may incur considerable latency.

In this paper, according to the processing essence of ME,
we propose an efficient and flexible parallel design for ME
on GPU platform. Specifically, the proposed GPU based ME
framework has a hierarchical structure with three layers: CTU
layer, prediction unit (PU) layer and motion vector (MV) layer.
The main contributions of this paper are as follows.

1) In CTU layer, based on the spatial correlation of adjacent
PUs, we propose a novel motion vector predictor (MVP)
determination scheme to improve the accuracy of MV pre-
diction after the removal of the CTU dependency. In par-
ticular, each CTU is partitioned into four non-overlapped
regions. The best MV of each region is obtained using
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traditional MV determination method and then the de-
rived best MV is set to be the MVP for all PUs within the
region.

2) In PU layer, a novel indexing table is designed for ef-
ficient cost derivation. Firstly, each PU is assigned to a
unique index. Subsequently, all the SAD of 4 × 4 block
are computed simultaneously on GPU and then the SAD
of arbitrary PU can be achieved efficiently with only sim-
ple addition operations. Using this indexing table, latency
for merging the distortions from small PUs can be de-
creased and the dependencies between the PUs and their
sub-divisions can be removed.

3) In MV layer, we propose a compact descriptor to describe
the MV and the cost as a whole. The specialized design
can better accord with the data processing mechanism on
GPU and thus the redundant branches in the MV searching
process can be avoided.

The rest of this paper is organized as follows. In Section II, we
provide an integrated computational complexity analysis of ME.
In Section III, proposed GPU based hierarchical parallel ME is
detailed. Then the following Section IV gives a summarized
description of the GPU based ME procedure. The experimental
results are provided in Section V. Finally, Section VI concludes
the paper.

II. COMPLEXITY ANALYSIS OF MOTION ESTIMATION IN HEVC

For HEVC encoder, the complexity of ME is highly correlated
with the number of reference frame, the number of searching
points and cost calculation for each PU. For one CTU, the
complexity of ME can be defined as follows,

CC T U =
∑

P Ui ∈C T U

{NRef · NP O · CP O (Wi,Hi)} (1)

where NRef is the number of reference frames for each PU,
NP O stands for the average searching points in each reference
frame, and CP O (Wi,Hi) is the complexity of cost calculation
for PUi with a specific motion vector, wherein Wi and Hi are
the width and height of PUi .

In analogous to H.264/AVC, HEVC adopts the multiple refer-
ence frame motion compensation strategy. With this approach,
for videos with intensive motion activities, significant coding
performance improvement can be obtained at the expense of the
dramatic increase of the computational complexity. For each
PU, NRef is 4 under low delay testing configuration in com-
mon test conditions (CTC) of HEVC [22]. As such, ME will be
performed on 4 frames and triple ME complexity is additionally
introduced for the ME process on a single frame.

Besides the multiple reference motion compensation, recur-
sive coding structure is another critical factor that leads to
the computationally intensive ME process. In contrast with
H.264/AVC, HEVC offers more possibilities to split a frame
into multiple coding units with the recursive quadtree parti-
tion structure. The basic coding unit is CTU, the size of which
can vary from 64 × 64, 32 × 32 and 16 × 16 in the encoder
and specified in Sequence Parameter Set (SPS). As shown in
Fig. 2, CTU is employed as the root of the coding tree and
each leaf of the quadtree is CU. Therefore, one CTU can be

Fig. 2. Example of a 64 × 64 CTU, and its associated CU, PU and TU
partitions in HEVC. (a) 64 × 64 CTU that is divided into CUs; (b) partition
modes for PU; (c) RQT for TU partitions.

TABLE I
THE NUMBER OF DIFFERENT PUS IN A 64 × 64 CTU

partitioned into multiple CUs and each CU can be coded in in-
ter or intra mode. Furthermore, CU can be split into one, two
or four PUs to specify the prediction information. For efficient
prediction, HEVC defines two intra partition modes and eight
inter partition modes to support variable size PUs. Suppose
the CU size to be 2Nx2N, PART_2Nx2N and PART_NxN PU
shapes are defined in intra prediction; and in inter prediction, two
square shapes (PART_2Nx2N and PART_NxN), two rectangu-
lar shapes (PART_2NxN and PART_Nx2N) and four asymmet-
ric shapes (PART_2NxnU, PART_2NxnD, PART_nLx2N and
PART_nRx2N) are supported. Take the CTU with the size of
64 × 64 as an example which is the default setting in CTC, up
to 593 PUs would be examined during the RDO process if no
partition is skipped/pruned for fast encoding. Table I shows the
number of different PUs within the 64 × 64 CTU, from which
we can see that the average size of all PUs in the 64 × 64 CTU
approaches 8 × 8. Since CP O (Wi,Hi) is linearly dependent on
Wi × Hi , the ME complexity of one CTU can be approximately
simplified to be the complexity of 593 8×8 PU as follows,

CC T U ≈ 593 × 4 × [NP O · CP O (8, 8)] . (2)

Furthermore, for a MV full search algorithm, there are a large
quantity of candidates to be checked for each PU. In HEVC, the
default search range (SR) is 64, then (2 × 64 + 1)2 = 16641
positions need to be visited during the ME process for each
reference frame. This implies that the value of NP O can be up
to 16641 given that SR equals to 64, which is of great computa-
tional complexity.

Fortunately, in HEVC reference software, the TZ Search algo-
rithm was adopted to derive the best MV for one PU. Compared
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TABLE II
THE NUMBER OF NEEDED INSTRUCTION FOR AN 8 × 8 PU

with full search ME, the average number of searching points in
TZ search is significantly reduced (1% of NP O or even less). In
[26], it is stated that the average searching points of TZ Search
is 32 from the statistics of 4 sequences. Although such fast
search algorithms can significantly reduce the number of can-
didate MVs, as shown in Fig. 1, the ME process still dominates
the whole encoder in terms of the running time. In this paper,
in order to evaluate the ME complexity, NP O is estimated to be
32 for TZ Search.

To determine the optimal MV for a PU, the computationally
intensive RD cost calculations are also required. Specifically,
the RD cost is calculated as follows,

J = D + λ · R, (3)

where D indicates the distortion between the original and the
inter predicted block derived with each MV candidate, and R
indicates the number of bits used for coding the MV. λ is the
Lagrange multiplier that determines the trade-off between rate
and distortion. Given J for each MV candidate, the one with the
minimum RD cost is selected to be the best MV for motion com-
pensation. From (3), it can be concluded that the calculation of
D has the dominant computational complexity due to the great
amount of instruction operations, including addition, absolute
value calculation and multiplication. For the integer-pel motion
estimation (IME) in HEVC, SAD is adopted as the matching
criterion to compute D, while for fractional-pel refinement or
fractional-pel motion estimation (FME), sum of absolute trans-
formed difference (SATD) based distortion is utilized. Table II
provides the estimated number of computational instructions
of IME and FME for an 8 × 8 PU. Here, we assume that the
absolute value and subtraction have the same complexity with
addition. For one CTU, about 493969 (593 × 49 × 17) multipli-
cations and 7374548 ((191 × 32 + 372 × 17) × 593) additions
are needed for the ME.

From the above in-depth analysis, it can be concluded that the
complexity of ME increases monotonously and linearly with the
number of searching points, which is determined by the search-
ing range, MV accuracy and the number of reference frames.
GPU can better handle the process since the MV searching can
be conducted concurrently according to the reasonable parallel
processing design. However, the most important issue needed to
be well addressed is how to eliminate the dependency. Specifi-
cally, the derivation accuracy of MVP without any dependency
must be ensured. It may result in significant performance degra-
dation since MVP guides the derivation of motion vectors for
“SKIP” or “MERGE” mode in inter coding. Moreover, an ap-
propriate MVP can also reduce bits representing MVs of other
inter prediction modes. In this paper, we will provide efficient
algorithm to realize accurate MVP derivation without depen-

Fig. 3. Parallelization layers of the proposed ME.

dency, then GPU based parallel framework is carefully designed
for ME.

III. PROPOSED PARALLEL MOTION ESTIMATION ON GPU

The main objective of ME paralleling for GPU implemen-
tation is to subdivide the process into concurrently running
stream processing units as much as possible, while CPU can
handle other encoding tasks asynchronously. In this manner,
the computational resources on CPU can be reserved and the
computational capacities of GPU can be highly exploited.

However, the specialized coding structure of HEVC cannot
be directly deployed on GPU as a result of the data dependency
in the encoding process, and obstacles must be overcome to
make the ME process friendly to GPU. Firstly, the CTU depen-
dency should be fully removed by developing an efficient MVP
derivation strategy. Secondly, effective merge cost computation
strategy to obtain cost of large PUs from small PUs must be care-
fully designed due to the recursive quadtree structure in HEVC,
such that the redundant cost computing branch on GPU can be
avoided. Finally, the best MV for each PU should be efficiently
and accurately selected from a large amount of candidates. In
view of these requirements, in this section, we propose the GPU
based ME scheme at the granularity of CTU, PU and MV to
address the above issues, as illustrated in Fig. 3.

A. Parallelization in CTU-Layer

In HEVC, the basic processing unit is CTU and the basic
prediction unit for motion compensation is PU. For the current
to be encoded PU, the PUs on the left and above are considered
as the references for motion vector prediction. In particular, the
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TABLE III
CODING PERFORMANCE COMPARISON BETWEEN CONVENTIONAL MVP

DERIVATION AND THE STRAIGHTFORWARD STRATEGY BY SETTING MVP AS

(0, 0) FOR TZ SEARCH

MVP for the current CTU is largely dependent on the MVs of
the left and above CTUs. Such dependency further influences
the parallel processing of the ME on GPU. To eliminate the
dependency, a straightforward way is setting the MVP as (0, 0).
However, such strategy may significantly affect the prediction
accuracy and bring the performance degradation. In particular,
Table III shows the performance of all the sequences in common
test conditions of HEVC [22] when forcefully setting the MVP
as (0, 0). The testing configuration is low delay P (LDP). It can
be observed that, compared to the conventional MVP derivation
scheme in HEVC, the average Bjøntegaard-Delta bitrates (BD-
BR) [40] loss is even over 1.2%. Thus, it is necessary to provide
an efficient MVP derivation scheme to remove the dependency
among adjacent CTUs to achieve higher speedup on GPU and
meanwhile retrieve the coding performance as much as possible.

In this paper, we propose a novel MVP derivation scheme for
the PUs in the current coding CTU based on the spatial corre-
lation of MVs to fully remove the dependency among adjacent
CTUs. As such, we can achieve better RD performance than the
straightforward zero setting strategy.

The proposed MVP derivation process is conducted as fol-
lows. Firstly, the largest coding unit is divided into four sepa-
rated areas. Then the best MV of each area is searched following
conventional ME. The achieved best MV is set to be the MVP of
all PUs in the corresponding region. Thirdly, the best MV of the
largest PU (64 × 64) is also determined as the conventional ME
and utilized as the MVP for the PU with the vertical or horizontal
size as 64. Thus the CTU dependency is completely removed.
The performance of the proposed MVP derivation scheme will
be detailed in the experimental results.

In order to reduce the searching complexity of the best MV,
only partial points are checked, as shown in Fig. 4. It consists

Fig. 4. Searching positions for MVP derivation.

of two sets in the search range of [−32, 32]: (1) points of small
diamond search pattern, i.e. { (0, ±i), (±i, 0), (±i/2, ±i/2),
where i = 1, 2, 4} ; (2) points in large diamond search pattern,
i.e. { (0, ±i), (±i, 0), (±i/2, ±i/2), (±i/4, ±3i/4), (±3i/4,
±i/4), where i = 8, 16, 24, 32, 40, 48, 56, 64}. It can be
concluded that at most 109 points are considered to achieve the
best MV, the computation complexity of which is significantly
reduced comparing to the full searching method. Moreover, the
searching process of each candidate is executed in parallel on
GPU simultaneously.

B. Parallelization in PU-Layer

The quadtree based coding structure in HEVC leads to the
variable PU sizes and flexible PU partitions for efficient pre-
diction. In particular, given a CTU with the size of 64 × 64,
there are up to 593 possible PUs. On the CPU platform like
HM, ME is executed from the largest PU to the smallest PU se-
quentially, and the optimal PU partition structure is determined
based on the comparisons between the current PU and its sub
PUs according to the RD costs. During this process, there are
large amount of reduplicative computations, which make the
CPU computation overstretched. Based on such redundancy,
in [41] the authors proposed to conduct the ME process from
smaller PUs to the larger ones, thus much complexity of ME
can be significantly reduced. However, on the GPU platform,
if each possible PU takes up one thread, abundant threads are
required and the computational redundancies are still unavoid-
able. Therefore, without a suitable management strategy for the
ME data, we cannot fully exploit the computational capacity of
GPUs.

In view of this, we propose a novel indexing table including
the PU indexing table and the corresponding SAD look-up ta-
ble, as illustrated in Fig. 5. With this table based scheme, we
can realize the efficient SAD derivation for the integral ME.
Specifically, the PUs from the indexing table are arranged with
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Fig. 5. Illustration of the proposed indexing table of the PUs.

a certain order obeying the following rules: (1) All the PUs are
divided into different categories according to their size includ-
ing PU_4 × 8, PU_8 × 4, PU_8 × 8, PU_8 × 16, PU_16 ×
8, PU_4 × 16, PU_12 × 16, PU_16 × 4, PU_16 × 12, PU_8
× 32, PU_24 × 32, PU_32 × 8, PU_32 × 24, PU_16 × 16,
PU_16 × 32, PU_32 × 16, PU_32 × 32, PU_64 × 32, PU_32
× 64, PU_64 × 16, PU_16 × 64, PU_64 × 48, PU_48 × 64,
PU_64 × 64. Index is allocated for these different categories
orderly. (2) For each category, the indices of neighbouring PUs
locate close to each other. Therefore, branches can be reduced
in the motion search and the workload of GPU threads can be
better balanced, leading to better utilization of GPU. For each
PU, a quaternion of (L, T,R,B) is used to represent its position
and size, where L, T , R, B denote the boundary positions in the
left, top, right and bottom, with the unit in 4 pixels horizontally
or vertically. For instance, the PU with index 16 corresponds to
(0, 2, 1, 4). In other words, it represents the PU with position
from (0,8) to (4,16) in a CTU, whose size is 4 × 8, as indicated
in the right side of Fig. 5 with green color.

In this manner, one CTU can be divided into multiple non-
overlapped blocks with size 4 × 4 and the SAD of each block
is calculated simultaneously on GPU,

D4×4(i, j) =
4i+3∑

k=4i

4j+3∑

l=4j

|refk,l − orgk,l |, (4)

where D4×4(i, j) is the SAD of the (i, j)-th 4 × 4 block, as
shown as a square with red digits in Fig. 5. Moreover, refk,l

and orgk,l denote the pixel in the reference frame and original
frame, respectively. Subsequently, a look-up table is built to
represent the SAD for different PUs. The SAD lookup table is
in two-dimensional, shown as all the circles with blue digits in
Fig. 5. An item in this table is denoted as S(M,N), which stores
the sum of SAD from left-top point (0, 0) to the current point
(M,N). For items in the first row and column of this table, the
value of S(M,N) is zero. In the other positions where M and
N are not zero, S(M,N) is derived as follows,

S(M,N) =
M −1∑

i=0

N −1∑

j=0

D4×4(i, j). (5)

Fig. 6. Illustration of the MV descriptor and fast comparison.

Finally, based on the proposed indexing tables, SAD of each
PU in position (L, T,R,B), denoted as DP U (L, T,R,B), can
be obtained instantaneously as follows,

DP U (L, T,R,B) = S(R,B) + S(L, T )

− S(R, T ) − S(L,B). (6)

C. Parallelization in MV-Layer

During the ME process for each PU, the cost of each MV
candidate can be first obtained. Then the MV candidate with the
least cost is determined as the best MV according to exhaustive
comparisons. For full MV search, there are 65× 65 MVs in total
for comparison if the MV and cost are dealt with separately.
The number of required branch statements is (65 × 65 − 1). In
essence, this has little influence on CPU due to the efficient
branch prediction mechanism. It is worth noting that branch
prediction is a method to inform a processor where the branch
will go before the condition result has been obtained, such that
the processor can be kept continuously working without waiting.

However, GPU does not possess the branch prediction mech-
anism and cannot achieve speculative execution [42]. Therefore,
it needs to call for additional chip area for storing the branch
states and processing the branch prediction procedure to suc-
cessfully deal with the branch statements. More seriously, when
threads in GPU diverge via a data-dependent conditional branch,
the computing core will serially execute each branch path taken
and disable threads that are not on that path, until all paths are
completed. Then the threads converge back to the same exe-
cution path. In a word, the branch instruction introduces more
uncertainties for current GPU’s workload scheduling and the
execution efficiency will be severely affected. Thus, it is very
crucial to provide an efficient representation of the ME infor-
mation for each PU including MV and RD cost to avoid the
unnecessary branches, such that the processing efficiency on
GPU can be finally improved.

In this work, we propose a compact descriptor to represent
the sign of MV, the value of MV and the RD cost as a whole.
The descriptor is a 64-bit variable, as described in Fig. 6. In
particular, 2 bits in the lowest position are dedicated for repre-
senting the sign bits of MV, i.e., the sign bit of MVx and the
sign bit of MVy , in the middle of this descriptor, 22 bits are
arranged for the absolute value of MVx and MVy . The remain-
ing 40 bits are allocated for signaling the value of the RD cost,
which would have more influence on the MV selection during
comparison. After constructing the descriptors of a PU, the cost
comparison can be performed with an integer value comparison
scheme with min operation to determine the best MV, as shown
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Fig. 7. Workflow of the proposed ME scheme with GPU.

TABLE IV
TEST ENVIRONMENT

in Fig. 6. For a PU with n MV candidates, the average number
of steps for obtaining a best MV is log(n). Finally, the MV with
the smallest cost is regarded as the best MV of this PU for the
subsequent prediction.

IV. SUMMARY OF PROPOSED PARALLEL MOTION ESTIMATION

In this section, we describe the entire workflow of the pro-
posed GPU based ME scheme. Here, only the ME process of one
CTU is demonstrated, and identical process for all CTUs can
be executed synchronously in parallel. As illustrated in Fig. 7,
the IME and FME are executed sequentially with the following
procedures:

1) For the current coding CTU, the MVPs are derived ac-
cording to the scheme in Section III-A.

2) The best integer MV is determined by the PU index table
constructed based on the strategy in section III-B. In par-
ticular, we divide the CTU into non-overlap 4 × 4 blocks,
and the SAD values of all the 4 × 4 blocks are calculated
simultaneously. As such, the SAD look-up table can be
established. For each MV candidate, a compact descrip-
tor can be generated, and the descriptor comparisons are
further performed to generate the best MV.

3) The FME on GPU is finally performed. FME is conducted
right after the IME at the CTU level. In this process, the
FME of each PU is conducted independently since each
PU may have a unique best IMV. In analogies to the FME
process in HM [43], the searching process consists of two
phases, i.e., half-pel search with 8 sample points around
the best integer-pel MV and quarter-pel search among
8 sample points around the best half-pel MV. However,
sum of squared difference (SSD) based criterion is used
for computing the RD cost. When FME of all PUs are
finished, the best MVs of all the PUs in every CTU are
transferred back to host memory for subsequent opera-
tions on CPU.

In the practical implementation, it is worth mentioning that
with the flexible CTU window design [44], the GPU execution
time can be hided in the encoding process with CPU by asyn-
chronous scheduling. Moreover, the CTU window size is set as
the number of CTUs in a row and the ME of one CTU window
on GPU is launched before encoding the prior CTU window. In
particular, for the first CTU window of one frame, the ME on
GPU is launched when the encoder starts encoding the last CTU
row of the last reference frame.

V. EXPERIMENTAL RESULTS

In this section, the RD performance and computational com-
plexity are elaborately evaluated to verify the coding efficiency
of the proposed GPU based ME scheme. In particular, the test-
ing conditions and environments are first detailed, followed by
the detailed validations and analyses.

A. Testing Conditions and Environments

The CUDA based GPU platform is adopted in the implemen-
tation of the proposed scheme. The testing reference software of
HEVC is HM16.2, and 18 sequences with different resolutions
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TABLE V
PERFORMANCE OF THE PROPOSED GPU BASED ME IMPLEMENTATION

TABLE VI
PERFORMANCE OF THE PROPOSED SCHEME COMPARED WITH THE STATE-OF-THE-ART FAST MOTION ESTIMATION ALGORITHMS

in common test conditions [22] were employed. The testing
configuration is LDP. The detailed testing environments are
shown in Table IV.

B. Coding Efficiency of Proposed GPU Based ME

To assess the rate distortion performance of the proposed
scheme, BD-BR is computed using piece-wise cubic interpo-
lation [40]. A positive BD-BR value implies performance loss
with bitrate increase under the same peak signal to noise ratio

(PSNR), while a negative BD-BR value indicates the perfor-
mance improvement by decreasing the bitrate.

To evaluate the efficiency of GPU based ME, the running time
variation ΔT is calculated as follows,

ΔT =
Tanchor − Tpro

Tanchor
, (7)

where Tanchor and Tpro respectively denote the total coding
time of original HM16.2 and our proposed optimization scheme,
respectively.
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Fig. 8. RD performance comparisons between the proposed scheme and orig-
inal HM16.2.

Firstly, the performance comparisons between HM16.2 and
the proposed GPU based ME are illustrated in Table V. It can be
observed that the proposed GPU based ME with the search range
of [−32, 32] can significantly reduce the running time compared
to the original CPU implementation. In particular, the average
running time reduction can be over 41% for all the standard
test sequences with different resolutions, and the BD-BR loss is
0.52% on average. The coding performance of the CPU based
method in [13] and GPU based method in [45] were provided in
Table VI. Furthermore, the proposed ME scheme with the ME
search range as [−64, 64] (denoted as FullSearch64) and [−32,
32] (denoted as FullSearch32) are also compared respectively.
It can be observed that the proposed method has better coding
performance. Fig. 8 shows the RD performance comparisons
with original HM16.2 of the proposed scheme FullSearch32 for
sequences Traffic and PeopleOnStreet. It can be seen that the
PSNR loss with the proposed algorithms over the full range of
QP values is negligible.

Furthermore, the performance evaluations of the proposed
MVP derivation, indexing table and compact descriptor are
provided for validation. Firstly, the proposed MVP derivation
scheme is compared with fixed zero MVP strategy. As can be
observed from Table VII, the coding efficiency of the proposed
MVP decision scheme can achieve 0.12% bit rate saving for
luma on average. For chroma components, the bit rate savings
are 0.35% and 0.25%.

Secondly, for the proposed novel indexing table, it can be
concluded from Section III that SAD can be directly achieved
with only one addition and two subtractions. Fig. 9 shows the
number of steps needed for SAD calculation of different PU with
Recursive Sum of Absolute Differences (RSAD) scheme used
in [37], [45]. It can be seen that the proposed scheme can effi-
ciently achieve the corresponding SAD without synchronization
between numbers of GPU threads.

TABLE VII
PERFORMANCE OF THE PROPOSED MVP DERIVATION SCHEME, ANCHOR:

PROPOSED SCHEME WIHOUT MVP DERIVATION (ZERO MVP), TEST: PROPOSED

Fig. 9. Steps to achieve SAD of one PU for the RSAD scheme.

Finally, the efficiency of the proposed compact descriptor
strategy in representing the MV information is evaluated as
follows,

Delta T =
(TorgGM E − TproGM E )

TorgGM E
, (8)
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TABLE VIII
PERFORMANCE OF THE PROPOSED COMPACT

DESCRIPTOR REPRESENTATION STRATEGY

where TorgGM E and TproGM E are the time consumptions of the
original representation scheme and proposed compact represen-
tation method. As shown in Table VIII, it can be seen that around
5.5% time saving can be achieved for the IME process. These
results provide useful evidence that the proposed scheme is ef-
ficient in achieving a good balance between coding efficiency
and computational complexity.

C. Speedup Analysis

In this subsection, the ME time consumptions in the pro-
posed GPU implementation and HEVC reference software are
also compared. To evaluate the speedup of the proposed ME
implementation directly, the ME time proportion of the anchor
and the proposed encoders are provided. Specifically, the time
consumption ratios of ME are measured by,

RManchor =
TManchor

Tanchor
, (9)

RMpro =
TMpro

Tpro
, (10)

where TManchor is the time consumption of ME in HM an-
chor. TMpro is the time consumption of our proposed GPU
based ME, including data transferring, synchronization latency
between CPU and GPU, and the operations of transferring data
and fetching results from the memory. Furthermore, the speedup
of ME of the proposed scheme can be evaluated as follows,

Speedup =
TManchor

TMpro
. (11)

Detailed results are provided in Table V. It can be seen that
the proportion of original ME in HEVC reference software is
42.82% on average, while the proportion of proposed GPU
based ME to HEVC reference software is only 6.76%. And
the speedup of the proposed GPU based ME can be up to 12.71
when comparing with the TZ Search on CPU.

We also provide the comparisons among full search ME
with a search range of [−32, 32] in HEVC reference soft-
ware, TZ Search method (the fast ME algorithm utilized in
HEVC CTC[22]) and proposed GPU based full search ME.
Fig. 10 demonstrates the speedup ratio of the proposed scheme
to the methods in HM for all the testing sequences, where
“SpeedupFS” is the speedup compared to full search and
“SpeedupTZ” is the speedup compared to TZ Search. It can
be seen that our proposed scheme can achieve up to 200 times
speedup for QP 22 while the speedup compared to TZ Search
is about 15. For a larger QP, the Speedup would be less since
less CU partitions are checked when a larger quantization step

Fig. 10. Speedup comparisons among TZ Search, full search in HEVC and
the proposed GPU based ME schemes.

Fig. 11. Distribution of the time consumption for the proposed GPU based
ME implementation.

is utilized and some CU partitions are skipped when zero block
is detected in HM. Specifically, in our experiments, the average
speedup under QP 32 is about 160.

D. Complexity Distribution on GPU

In this subsection, the distribution of the computational power
consumed on GPU is analysed. For the proposed ME scheme
on GPU, the complexities for different sequences with the same
resolution are identical, since the same MV searching process
is performed regardless of the video characteristics. In view of
this, 5 sequences with different resolutions, including Traffic,
Kimono, BasketballDrill, BasketballPass and FourPeople, were
involved in this experiment, and for each sequence 50 frames
are evaluated.

The time consumption ratios of the GPU processing phases
were analysed, and the results are shown in Fig. 11. We can
observe that most of the time consumption is spent on integer-
pixel ME, which takes up about 40% ∼ 55% of the total time.
This originates from the exhaustive search among 4225 MVs.
FME takes up about 15% of the time on average. By contrast,
the derivation of MVP only takes up 2% ∼ 3% of the total
GPU complexity, since only five large CUs with 109 MVs are
checked. For other modules, which consist of data transferring
between host memory and GPU memory, synchronization, and
other kernels executed on GPU, i.e. interpolation of fractional
reference frame, they take up around 40% complexity for most
of the sequences.
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VI. CONCLUSION

In this paper, we proposed a low delay parallel ME scheme
based on GPU for fast HEVC encoder optimization. The nov-
elty of the proposed scheme lies in the three-layer hierarchical
parallelization structure that fully considers the characteristics
of ME. In the CTU layer, a novel derivation scheme is pro-
posed to obtain the accurate MVP. In PU layer, we proposed a
novel indexing table to realize an efficient SAD derivation to
accelerate the ME process. In MV layer, a compact descriptor
is constructed to avoid the redundant branches in MV search.
Experimental results demonstrate that the proposed scheme can
completely remove the motion estimation complexity of HEVC
encoder on CPU. The average complexity saving on CPU is
over 41% while the incurred performance loss is only 0.52% on
average. Compared to the processing time of ME in CPU, the
processing acceleration of proposed ME on GPU can be up to
12.7 times.

REFERENCES

[1] B. Bross et al., “High efficiency video coding (HEVC) text specification
draft 10,” ITU-T/ISO/IEC Joint Collaborative Team on Video Coding
(JCT-VC) document JCTVC-L1003, Mar. 2013.

[2] G. J. Sullivan, J.-R. Ohm, W.-J. Han, and T. Wiegand, “Overview
of the high efficiency video coding (HEVC) standard,” IEEE Trans.
Circuits Syst. Video Technol., vol. 22, no. 12, pp. 1649–1668, Dec.
2012.

[3] J.-R. Ohm, G. J. Sullivan, and H. Schwarz, “Comparison of the coding
efficiency of video coding standards—including high efficiency video cod-
ing (HEVC),” IEEE Trans. Circuits Syst. Video Technol., vol. 22, no. 12,
pp. 1669–1684, Dec. 2012.

[4] X. Zhang et al., “Low-rank based nonlocal adaptive loop filter for high
efficiency video compression,” IEEE Trans. Circuits Syst. Video Technol.,
vol. 27, no. 10, pp. 2177–2188, Oct. 2017.

[5] L. Shen, Z. Liu, X. Zhang, W. Zhao, and Z. Zhang, “An Effective CU Size
Decision Method for HEVC Encoders,” IEEE Trans. Multimedia, vol. 15,
no. 2, pp. 465–470, Feb. 2013.

[6] S. Ma et al., “Low complexity rate distortion optimization for HEVC,” in
Proc. Data Compression Conf., Mar. 2013, pp. 73–82.

[7] J. Xiong, H. Li, F. Meng, Q. Wu, and K. Ngan, “Fast HEVC inter CU de-
cision based on latent SAD estimation,” IEEE Trans. Multimedia, vol. 17,
no. 12, pp. 2147–2159, Dec. 2015.

[8] Y. Gao, P. Liu, Y. Wu, and K. Jia, “Quadtree Degeneration for
HEVC,” IEEE Trans. Multimedia, vol. 18, no. 12, pp. 2321–2330, Dec.
2016.

[9] H. Fan et al., “Hybrid zero block detection for high efficiency video
coding,” IEEE Trans. Multimedia, vol. 18, no. 3, pp. 537–543, Mar. 2016.

[10] Q. Hu, X. Zhang, Z. Shi, and Z. Gao, “Neyman-Pearson-based early mode
decision for HEVC encoding,” IEEE Trans. Multimedia, vol. 18, no. 3,
pp. 379–391, Mar. 2016.

[11] JCT-VC, “HEVC Test Model HM,” 2018. [Online]. Available:
https://hevc.hhi.fraunhofer.de/trac/hevc/browser/tags

[12] S. Wang, S. Ma, S. Wang, D. Zhao, and W. Gao, “Fast multi reference
frame motion estimation for high efficiency video coding,” in Proc. IEEE
Int. Conf. Image Process., Sep. 2013, pp. 2005–2009.

[13] R. Fan, Y. Zhang, and B. Li, “Motion classification-based fast motion
estimation for high-efficiency video coding,” IEEE Trans. Multimedia,
vol. 19, no. 5, pp. 893–907, May 2017.

[14] J. Xiong, H. Li, Q. Wu, and F. Meng, “A fast HEVC inter CU selection
method based on pyramid motion divergence,” IEEE Trans. Multimedia,
vol. 16, no. 2, pp. 559–564, Feb. 2014.

[15] J. Xiong et al., “MRF-based Fast HEVC inter CU decision with the vari-
ance of absolute differences,” IEEE Trans. Multimedia, vol. 16, no. 8,
pp. 2141–2153, Sep. 2014.

[16] H. R. Tohidypour, M. T. Pourazad, and P. Nasiopoulos, “Probabilistic
approach for predicting the size of coding units in the quad-tree structure of
the quality and spatial scalable HEVC,” IEEE Trans. Multimedia, vol. 18,
no. 2, pp. 182–195, Feb. 2016.

[17] Q. Yu, X. Zhang, S. Wang, and S. Ma, “Early Termination of Cod-
ing Unit Splitting for HEVC,” in Proc. Asia-Pacific Signal Inf. Pro-
cess. Assoc. Annu. Summit Conf., Hollywood, CA, USA, Dec. 2012,
pp. 4–7.

[18] T. Koga, “Motion-compensated interframe coding for video conferenc-
ing,” in Proc. Nat. Telecommun. Conf., 1981, pp. C9.6.1–9.6.5.

[19] L.-M. Po and W.-C. Ma, “A novel four-step search algorithm for fast block
motion estimation,” IEEE Trans. Circuits Syst. Video Technol., vol. 6, no. 3,
pp. 313–317, Jun. 1996.

[20] S. Zhu and K.-K. Ma, “A new diamond search algorithm for fast block-
matching motion estimation,” IEEE Trans. Image Process., vol. 9, no. 2,
pp. 287–290, Feb. 2000.

[21] C. Zhu, X. Lin, and L. P. Chau, “Hexagon-based search pattern for fast
block motion estimation,” IEEE Trans. Circuits Syst. Video Technol.,
vol. 12, no. 5, pp. 349–355, May 2002.

[22] F. Bossen, “Common HM test conditions and software reference con-
figurations,” ITU-T/ISO/IEC Joint Collaborative Team on Video Coding
(JCT-VC) document JCTVC-L1100, Apr. 2013.

[23] N. Purnachand, L. N. Alves, and A. Navarro, “Improvements to TZ search
motion estimation algorithm for multiview video coding,” in Proc. 19th Int.
Conf. Syst., Signals Image Process., Vienna, Austria, Apr. 2012, pp. 388–
391.

[24] N. Purnachand, L. N. Alves, and A. Navarro, “Fast Motion Estimation
Algorithm for HEVC,” in Proc. IEEE 2nd Int. Conf. Consumer Electron.,
Sep. 2012, pp. 34–37.

[25] Z. Pan, Y. Zhang, S. Kwong, X. Wang, and L. Xu, “Early termination for
TZSearch in HEVC motion estimation,” in Proc. IEEE Int. Conf. Acoust.,
Speech Signal Process., Vancouver, BC, Canada, May 2013, pp. 1389–
1393.

[26] X. Li, R. Wang, W. Wang, Z. Wang, and S. Dong, “Fast motion estimation
methods for HEVC,” in Proc. IEEE Int. Symp. Broadband Multimedia
Syst. Broadcasting, Beijing, China, Jun. 2014, pp. 1–4.

[27] X. Li, R. Wang, X. Cui, and W. Wang, “Context-adaptive fast motion
estimation of HEVC,” in Proc. IEEE Int. Symp. Circuits Syst., May 2015,
vol. 863, pp. 2784–2787.

[28] Z.-T. Liao and C.-A. Shen, “A novel search window selection scheme for
the motion estimation of HEVC systems,” in Proc. IEEE Int. SoC Design
Conf., Gyeongju, South Korea, Nov. 2015, pp. 267–268.

[29] Y. Li, Y. Liu, H. Yang, and D. Yang, “An adaptive search range method
for HEVC with the k-nearest neighbor algorithm,” in Proc. Vis. Commun.
Image Process., Singapore, Dec. 2015, pp. 1–4.

[30] D. Kirk et al., “NVIDIA CUDA software and GPU parallel computing
architecture,” in Proc. 6th Int. Symp. Memory Manage., 2007, vol. 7,
pp. 103–104.

[31] J. E. Stone, D. Gohara, and G. Shi, “OpenCL: A parallel program-
ming standard for heterogeneous computing systems,” Comput. Sci. Eng.,
vol. 12, nos. 1–3, pp. 66–73, 2010.

[32] W. Sun, X. Zhang, S. Wang, J. Chen, and L.-Y. Duan, “GPU Based fast
MPEG-CDVS encoder,” in Proc. IEEE Int. Conf. Image Process., Sep.
2017, pp. 1122–1126.

[33] L.-Y. Duan et al., “Fast MPEG-CDVS Encoder With GPU-CPU Hybrid
Computing,” IEEE Trans. Image Process., vol. 27, no. 5, pp. 2201–2216,
May 2018.

[34] D. F. de Souza, A. Ilic, N. Roma, and L. Sousa, “GHEVC: An efficient
HEVC decoder for graphics processing units,” IEEE Trans. Multimedia,
vol. 19, no. 3, pp. 459–474, Mar. 2017.

[35] W.-N. Chen and H.-M. Hang, “H.264/AVC motion estimation implemen-
tation on compute unified device architecture (CUDA),” in Proc. IEEE
Int. Conf. Multimedia Expo., Jun. 2008, pp. 697–700.

[36] S. Momcilovic, A. Ilic, N. Roma, and L. Sousa, “Dynamic load bal-
ancing for real-time video encoding on heterogeneous CPU+GPU sys-
tems,” IEEE Trans. Multimedia, vol. 16, no. 1, pp. 108–121, Jan.
2014.

[37] X. Wang, L. Song, M. Chen, and J. Yang, “Paralleling variable
block size motion estimation of HEVC on CPU plus GPU platform,”
in Proc. IEEE Int. Conf. Multimedia Expo. Workshops., Jul. 2013,
pp. 1–5.

[38] W. Xiao, B. Li, J. Xu, G. Shi, and F. Wu, “HEVC encoding optimiza-
tion using multicore CPUs and GPUs,” IEEE Trans. Circuits Syst. Video
Technol., vol. 25, no. 11, pp. 1830–1843, Nov. 2015.

[39] F. Luo et al., “Multiple layer parallel motion estimation on GPU for high
efficiency video coding (HEVC),” in Proc. IEEE Int. Symp. Circuits Syst.,
Lisbon, Portugal, May 2015, pp. 1122–1125.

[40] G. Bjøntegaard, “Improvement of BD-PSNR model,” ITU-T SG16 Q.6
Document, VCEG-AI11, Jul. 2008.



862 IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 21, NO. 4, APRIL 2019

[41] T. S. Kim, C. E. Rhee, H.-J. Lee, and S.-I. Chae, “Fast integer motion es-
timation with bottom-up motion vector prediction for an HEVC encoder,”
IEEE Trans. Circuits Syst. Video Technol., vol. 99, no. 99, p. 1, Oct. 2017.

[42] NVIDIA Corporation, “NVIDIA CUDA C programming guide,” 2018.
[Online]. Available: https://docs.nvidia.com/cuda/cuda-c-programming-
guide

[43] JCT-VC, “High Efficiency Video Coding (HEVC) Test Model 10 (HM10)
encoder description,” ITU-T/ISO/IEC Joint Collaborative Team on Video
Coding (JCT-VC) document JCTVC-L1002, Apr. 2013.

[44] J. Ma, F. Luo, S. Wang, and S. Ma, “Flexible CTU-level parallel motion
estimation by CPU and GPU pipeline for HEVC,” in Proc. IEEE Visual
Commun. Image Process. Conf., Valletta, Malta, Dec. 2014, pp. 282–285.

[45] S. Radicke, J. U. Hahn, Q. Wang, and C. Grecos, “Bi-predictive motion
estimation for HEVC on a graphics processing unit (GPU),” IEEE Trans.
Consumer Electron., vol. 60, no. 4, pp. 728–736, Nov. 2014.

Falei Luo received the B.S. degree in computer
science and technology from Huazhong University
of Science Technology, Wuhan, China, in 2013.
He is currently working toward the Ph.D. degree
from the Institute of Computing Technology, Chi-
nese Academy of Sciences, Beijing, China.

His research interests include video compression
and GPU optimization.

Shanshe Wang received the B.S. degree from the De-
partment of Mathematics, Heilongjiang University,
Harbin, China, in 2004, and the M.S. degree in com-
puter software and theory from Northeast Petroleum
University, Daqing, China, in 2010, and the Ph.D.
degree in computer science from the Harbin institute
of Technology.

He currently holds a postdoctoral position at
Peking University. His current research interests in-
clude video compression, and image and video qual-
ity assessment.

Shiqi Wang (M’15) received the B.S. degree in com-
puter science from the Harbin Institute of Technol-
ogy, Harbin, China, in 2008, and the Ph.D. degree
in computer application technology from the Peking
University, Beijing, China, in 2014.

From March 2014 to March 2016, he was a Post-
doctoral Fellow with the Department of Electrical
and Computer Engineering, University of Waterloo,
Waterloo, ON, Canada. From April 2016 to April
2017, he was with the Rapid-Rich Object Search
Laboratory, Nanyang Technological University, Sin-

gapore, as a Research Fellow. He is currently an Assistant Professor with the
Department of Computer Science, City University of Hong Kong, Hong Kong.
He has proposed more than 30 technical proposals to ISO/MPEG, ITU-T, and
AVS standards. His research interests include video compression, image/video
quality assessment, and image/video search and analysis.

Xinfeng Zhang (M’16) received the B.S. degree in
computer science from Hebei University of Technol-
ogy, Tianjin, China, in 2007, and the Ph.D. degree
in computer science from the Institute of Computing
Technology, Chinese Academy of Sciences, Beijing,
China, in 2014.

From July 2014 to October 2017, he was a Re-
search Fellow in Nanyang Technological University,
Singapore. He is currently a Postdoc Fellow with the
Ming Hsieh Department of Electrical Engineering,
University of Southern California, Los Angeles, CA,

USA. His research interests include image and video processing, and image and
video compression.

Siwei Ma (M’03–SM’12) received the B.S. degree
from Shandong Normal University, Jinan, China,
in 1999, and the Ph.D. degree in computer science
from the Institute of Computing Technology, Chi-
nese Academy of Sciences, Beijing, China, in 2005.

From 2005 to 2007, he held a postdoctoral posi-
tion with the University of Southern California, Los
Angeles, CA, USA. He joined the School of Elec-
tronics Engineering and Computer Science, Institute
of Digital Media, Peking University, Beijing, China,
where he is currently a Professor. He has authored

more than 200 technical articles in refereed journals and proceedings in image
and video coding, video processing, video streaming, and transmission. He is
an Associate Editor of the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS

FOR VIDEO TECHNOLOGY and the Journal of Visual Communication and Image
Representation.

Wen Gao (M’92–SM’05–F’09) received the Ph.D.
degree in electronics engineering from the Univer-
sity of Tokyo, Tokyo, Japan, in 1991.

He is currently a Professor of computer science
with the Institute of Digital Media, School of Elec-
tronic Engineering and Computer Science, Peking
University, Beijing, China. Before joining Peking
University, he was a Professor of Computer Sci-
ence with the Harbin Institute of Technology, Harbin,
China, from 1991 to 1995, and a Professor with the In-
stitute of Computing Technology, Chinese Academy

of Sciences, Beijing, China. Prof. Gao is a member of the China Engineering
Academy. He served or serves on the Editorial Board of several journals, such
as the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECH-
NOLOGY, the IEEE TRANSACTIONS ON MULTIMEDIA, the IEEE TRANSACTIONS

ON AUTONOMOUS MENTAL DEVELOPMENT, the EURASIP Journal of Image
Communications, and the Journal of Visual Communication, and Image Rep-
resentation. He has been the Chair of a number of prestigious international
conferences on multimedia and video signal processing, such as the IEEE In-
ternational Conference on Multimedia and Expo and ACM Multimedia, and
served on the Advisory and Technical Committees of numerous professional
organizations. He has published extensively including 5 books and more than
600 technical articles in refereed journals and conference proceedings in the ar-
eas of image processing, video coding and communication, pattern recognition,
multimedia information retrieval, multimodal interfaces, and bioinformatics.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


