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Abstract—The emerging high efficiency video coding
(HEVC) standard has improved compression performance
significantly in comparison with H.264/AVC. However, more
intensive computational complexity has been introduced by
adopting a number of new coding tools. In this paper, a fast
inter CU decision is proposed based on the latent sum of
absolute differences (SAD) estimation. Firstly, a two-layer motion
estimation (ME) method is designed to take advantage of the
latent SAD cost. The new ME method can obtain the SAD costs
for both the upper CU and its sub-CUs. Secondly, a concept of
motion compensation rate-distortion (R-D) cost is defined, and an
exponential model is proposed to express the relationship between
the motion compensation R-D cost and the SAD cost. Then, a
fast CU decision approach is designed based on the exponential
model. The fast CU decision is implemented by comparing a
derived threshold with the SAD cost difference between the upper
and sub SAD costs. Experimental results show that the proposed
algorithm achieves an average of 52% and 58.4% reductions of
the coding time at the cost of 1.61% and 2% bit-rate increases
under the low delay and random access conditions, respectively.

Index Terms—H.264, high efficiency video coding (HEVC), inter
prediction, motion estimation, video coding.

I. INTRODUCTION

ECENTLY, with the rapid development of network com-

munication and multimedia technologies, video contents
are presented to be High Definition (HD) and Ultra HD. The
resolutions of the HD videos are larger and the visual quality
is better, when compared with the standard definition videos.
Meanwhile, higher requirements are put forward to the video
coding technologies. To meet the requirements, International
Telecommunication Union-Telecom (ITU-T) and International
Organization for Standardization/International Electrotechnical

Manuscript received March 30,2015; revised August 03,2015 and September
18, 2015; accepted October 01, 2015. Date of publication October 14, 2015;
date of current version November 13, 2015. This work was supported in part by
the National Natural Science Foundation of China under Grant 61525102 and
61271289, and in part by the Program for Science and Technology Innovative
Research Team for Young Scholars in Sichuan Province, China under Grant
2014TD0006. The associate editor coordinating the review of this manuscript
and approving it for publication was Prof. Adrian Munteanu.

J. Xiong, H. Li, F. Meng, and Q. Wu are with the School of Electronic
Engineering, University of Electronic Science and Technology of China,
Chengdu 611731, China (e-mail: jxiong219@gmail.com; hlli@uestc.edu.cn;
fmmeng@uestc.edu.cn; wgb.uestc@gmail.com).

K. N. Ngan is with the Department of Electronic Engineering, The Chinese
University of Hong Kong, Hong Kong (e-mail: knngan@ee.cuhk.edu.hk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMM.2015.2491018

Commission (ISO/IEC) jointly developed a new generation of
video coding standard, namely High Efficiency Video Coding
(HEVC).

HEVC provides significant improvement on the compression
ratio in comparison with H.264/AVC [1]. Part of the im-
provement comes from the newly adopted quad-tree structure
based coding tree unit (CTU) [2], which brings a flexibility of
multiple sizes of coding blocks. The coding blocks are named
as coding unit (CU). Each CU can be recursively split into
four squared sub-CUs. For applications with high performance
requirements, Rate-Distortion (R-D) optimization is checked
in a recursive manner for all the CU sizes to obtain the optimal
mode. The quad-tree coding structure can improve the coding
performance significantly by the recursive RD optimization.
Thus, it also brings intensive computational complexities. Re-
ducing the coding computational complexity effectively is very
important for applying HEVC on the real-time applications.

Since the process of coding a CU includes almost all the mod-
ules in the HEVC, the CU decision occupies most of coding time
in HEVC. Many studies aim to design the fast CU decision al-
gorithms for HEVC intra prediction [3]-[6] and inter prediction
[7]-[9] in order to reduce the coding time. This work focuses
on the fast inter CU decision. According to the employed fea-
tures, the inter CU decision methods can be divided into three
classes, including encoding parameters based, neighboring CU
based, and R-D cost based methods.

The first class speeds up the CU decision by referring the en-
coding parameters, such as motion vector (MV), coded block
flag (CBF), differential MV, and parameters of sample adaptive
offset (SAO) [10]-[17]. For example, Ahn et al. proposed a fast
CU decision algorithm based on the spatio-temporal encoding
parameters [10], [11]. This method used the SAO parameters to
measure the CU complexity, and used the MV, CBF and Trans-
form Unit (TU) sizes to measure the motion complexity. A fast
CU decision was implemented by evaluating the CU complexity
and motion complexity, respectively. Correa et al. presented a
data mining based fast CU decision method [12], [13]. The in-
formation of skip flags, merge flags, and R-D costs were ex-
tracted to generate a decision tree. Then, the CU selection was
determined by the decision tree. Shen et al. suggested a fast
Bayesian theory based CU decision algorithm [14]. They em-
ployed the sum of absolute transform differences (SATD), MV,
and R-D costs as the features. The CUs were selected based on
the Bayesian decision rule. In addition, Pan et al. developed a
merge mode detection algorithm based on zero-block detection
and motion estimation [15]. Kim et al. employed the differen-
tial MV and CBF to detect the skip mode [16]. Chiang et al.
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applied a zero-block detection using the differential MV [17].
These works efficiently reduced the encoding complexity. How-
ever, the encoding parameters are extracted in the middle of the
coding process so that they are insufficient to reflect the motion
compensation performance exactly.

The second class employs the depth information of the neigh-
boring CUs to select the size of the current CU [18]-[24]. The
motivation is that the depths of the neighboring CUs tend to be
the same. For example, Shen et al. proposed a CU depth range
estimation in the fast CU decision algorithm [18]. It employed
the depths of the spatio-temporal neighboring CUs to estimate
the depth range of the current CU. Correa et al. also suggested
to estimate the depth of CUs using the depth of spatio-temporal
neighboring CUs [19] In order to reduce the depth range, Zhang
et al. applied the depth correlation between the spatio-temporal
adjacent CTUs and the current CTUs [21]. With the purpose
of skipping R-D optimization in both the frame and CU levels,
Leng et al. employed the depth information of the neighboring
CUs and the co-located CUs of the previous frame [22]. Re-
cently, a Markov Random Field (MRF) based fast CU decision
algorithm was proposed in [23], [24]. The MRF can efficiently
employ the neighboring information in CU decision. In these
methods, whether the optimal modes can be selected mainly de-
pends on that the neighboring CUs are encoded with the same
modes. However, around the boundary of moving objects, the
neighboring CUs tend to be encoded with different modes [25].

The third class is R-D cost based fast CU decision methods
[26]-[29]. Lee et al. proposed an R-D cost fast inter CU deci-
sion method [26]. They employed the temporary R-D cost after
coding the skip mode and Inter 2N x 2N PU mode. The Baysian
rule on a given false ratio was proposed for the fast CU decision.
Vanne et al. analysed the distribution of the PU modes and the
relation between the modes [27]. They proposed the conditions
of coding the symmetric motion partition (SMP) modes and
asymmetric motion partition (AMP) modes. In order to reduce
the complexity of the RD optimization, Correa et al. developed
a fast CU decision algorithm by comparing the R-D cost with
a threshold [28]. In addition, Shen et al. suggested a fast inter
CU selection algorithm using the temporary R-D cost [29]. It is
known that R-D cost is the criterion in R-D optimization of CU
decision. Thus, the R-D cost based methods can exactly select
the optimal modes. However, the time savings are limited since
the computation of R-D costs is essentially time-consuming.

In the recent works, the common point is to propose features
for early estimating the motion compensation performance. The
motion compensation performance is generally measured by
the sum of absolute differences (SAD) cost in motion estima-
tion (ME). As we know, ME is an important module in the
block-based hybrid video coding framework. In this module,
the SAD between the original CU and the reference block is
calculated to search the most matching block. The target block
with the smallest SAD cost is employed as the prediction CU for
coding the residuals. In conventional ME methods, the SAD is
calculated only for the current CU. Actually, since the SAD cal-
culation is a summation operation, the SAD costs of its sub-CUs
are latent variables in the SAD calculation of the current CU.
Here, “latent variables” are defined as variables that are inferred
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in the process of calculating the other variables. The latent SAD
costs can efficiently reflect the motion compensation perfor-
mance of the sub-CUs. Thus, this study tries to employ the latent
SAD estimation for the fast CU decision. The main contribu-
tions are listed as follows.

1) We design a two-layer based ME method. The new ME
method can obtain both the SAD cost of the current CU
and the latent SAD costs of its sub-CUs.

2) A concept of motion compensation R-D cost is defined to
describe the R-D cost related with the motion compensa-
tion. Particularly, we propose an exponential model to ex-
press the relationship between the motion compensation
R-D cost and the SAD cost.

3) We propose a fast CU decision based on the latent SAD
estimation. A threshold is derived based on the proposed
exponential model. The fast CU decision is implemented
by comparing the derived threshold with the SAD cost
difference.

The rest of the paper is organized as follows. An overview of
HEVC mode decision is presented in Section II. The two-layer
based ME method is given in Section III. The analysis of mo-
tion compensation cost model is provided in Section IV. The
proposed two-layer based fast CU decision method is proposed
in Section V. Experiments are provided in Section V-C to val-
idate the efficiency of the proposed method. Finally, we draw
some concluding remarks in Section VII.

II. OVERVIEW OF HEVC CU PREDICTION

Like H.264/AVC, HEVC [30]-[32] is still a block-based hy-
brid video coding standard. First, the video frames are divided
into sequences of Coding Tree Units (CTUs). CTU is in a quad-
tree coding structure, and the nodes of the quad-tree are called
as CUs. CU is the concept of the basic coding region, including
a luma coding block and two chroma coding blocks. Each CU
can be recursively divided into four squared sub-CUs. In HEVC
reference software, the maximum and the minimum of the CU
sizes are 64 x 64 and 8 x 8, respectively. Fig. 1(a) shows an
example of a CTU which is recursively divided into sub-CUs,
and forms a quad-tree coding structure. CUs with the sizes 2V
X 2N, N = 8,16, 32 can be recursively divided into four NV
x NN sub-CUs. In addition, as the smallest CU, 8 x 8 CUs cannot
be split any more.

Accordingly, prediction unit (PU) is introduced in HEVC. PU
is the basic unit in the prediction. As show in Fig. 1(b), there are
8 PU modes in total. In inter prediction, the optimum mode is
chosen as the one which encoded with the minimal Rate-Distor-
tion (R-D) cost. The R-D cost is given by

J=D+X-R (1)

where J denotes the R-D cost. The term D denotes the recon-
struction distortion which is calculated as the sum of squared
differences (SSD) between the original CU and the recon-
structed CU. The term R denotes as the number of the coding
bits. The parameter A is the Lagrangian multiplier. This is the
well-known Rate-Distortion optimization (RDO) technique.
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Fig. 1. HEVC coding structures. (a) The example of a CTU. (b) The PU parti-
tion modes.

RDO is a time-consuming operation since it performs trans-
form, quantization, entropy coding, inverse quantization and
inverse transform.

We called a CU encoded as unsplit manner if it is encoded
without dividing into sub-CUs. Otherwise, if a CU is encoded as
dividing into sub-CUs, we called it encoded as split manner. For
each CU (not including 8 x 8 CUs), R-D costs are calculated as
the unsplit and split manners, respectively. The optimum split
flag is determined as the one encoded with the minimal R-D
cost. It is expressed by

_ {unsplit, Junsplis < Jsplic

Junsplit > Jsplit

split, &
where s € {unsplit, split} denotes the optimal splitting. The
symbols Junspiit and Jgp1i¢ denote the R-D costs of CU encoded
as the unsplit and split manner, respectively.

III. TWO-LAYER MOTION ESTIMATION

A. Conventional Motion Estimation

ME is an important module in the block-based video coding
framework. Two ME algorithms are provided in the HEVC
reference software, such as the full search method and the
TZSearch method. The goal of both of them is to search the
most matching block in the search regions of the reference
frames. The target block is employed as the prediction CU
for coding the residuals. The top part of the Fig. 2 shows the
conventional ME algorithm. The current coded frame and its
reference frame are shown on the right and left, respectively.
The dashed box in the reference frame denotes the search region
of the current CU. In this region, it can search a reference CU,
denoted as CU’. The matching criterion is SAD cost, which is
calculated as

JSAD =S5AD + A(]}%mv (3)
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Fig. 2. Conventional motion estimation and two-layer motion estimation
methods.

where Jg4p denotes the SAD cost. The term R,,,,, denotes the
estimated bits of the ME. and SAD denotes the SAD between
the original CU and the reference block.

B. Two-Layer Based Motion Estimation With Latent SAD

In the conventional ME method, SAD cost is calculated only
for the current CU. We called it as Upper SAD cost. On the con-
trary, we called the SAD costs of its sub-CUs as Sub SAD costs.
However, the SAD calculation is a summation operation, i.e.,
the upper SAD cost is the sum of the sub SAD costs for each
search point. Thus, the sub SAD costs are latent variables in the
calculation of the upper SAD cost. Furthermore, as the matching
criterion in the ME methods, SAD cost can reflect the motion
compensation performance efficiently, i.e., the upper and sub
SAD costs can reflect the motion compensation of the CU en-
coded as the unsplit and split manners, respectively. Therefore,
we can employ both of the upper SAD cost and the latent sub
SAD costs in the fast CU decision.

In order to obtain both the upper SAD cost and the latent sub
SAD costs, we design a two-layer based ME methods. As shown
in the bottom part of Fig. 2, the two-layer ME method also needs
to search a reference block CU’ for the current CU. However,
the difference is that the new ME method needs to search the
reference blocks of the sub-CUs. The references of the sub-CUs
are denoted as C'Uy, CU;y, CU; and CUs, respectively.

The two-layer ME method can be easily implemented. Since
the sub SAD costs are latent variables in the calculation of the
upper SAD cost, only a small amount of additions, shifts and
logical operations are needed. More specifically, before calcu-
lating the SAD of the current CU at each search point, it first
calculates the SADs of its sub-CUs one-by-one. The summation
of the sub SADs is equal to the upper SAD at each search point.
Then, update the minimal upper SAD cost and the minimal sub
SAD costs, respectively. After performing the ME method, we
can obtain the optimal upper SAD cost and the sub SAD costs.
The optimal upper SAD cost is denoted as S A D,,, which can re-
flect the motion compensation effect of the current CU encoded



2150

as the unsplit manner. The summation of the optimal sub SAD
costs is denoted as SAD;. It can reflect the motion compen-
sation effect of the sub-CUs encoded as the split manner. This
study tries to employ the SAD costs SAD,, and SAD, in the
fast CU decision.

IV. MOTION COMPENSATION COST MODEL

In this section, we proposed a motion compensation R-D cost
model to express the relationship between the SAD cost and
motion compensation R-D cost. The existing rate and distortion
models are introduced first. Then, a concept of motion compen-
sation cost is presented, and an exponential model is proposed
to express the motion compensation R-D cost.

A. Rate-Distortion Models

In [33], the authors have studied the R-D cost models, which
include the rate model and the distortion model. The rate has
been divided into two parts, the header bits and the coefficient
bits, which are expressed by

R:Rc+Rh (4)

where the term R;, denotes the header bits, and the term R, de-
notes the coefficient bits. Furthermore, the header bits are mod-
eled to have a good linear relationship with the numbers of the
CU and PU partitions, which is given by

Ry=1- (JVCU + J\“TPU) 5)

where N¢py and Npy denote the number of the CU and PU, re-
spectively. However, the coefficient bits are modeled as a func-
tion of the SATD and Quantization Parameter (QP) [33]

1—gcom
p [ ZiesATD T QP
© \ %) 8sATD; QF,

where 1 is the frame number and SAT D; denotes the SATD
of the ith frame. The parameter n denotes the current frame
number, and R,, 1 denotes the generated source bits of the latest
previous frame. The symbols Q P, and ()P, _; denote the QPs
of the current frame and the latest previous frame, respectively.
The symbol gcom is a constant. Thus, the coefficient bit number
of the current frame is estimated by the SATD of the previous
frames, the bits number of the latest previous frame, as well as
the QPs of the current frame and the latest previous frame.
The distortion model is also proposed as a function of the
SATD and QP, which is an exponential formula, shown as

“R,_1 (6)

D=« (SATD.-QP")? (7)

where «, 3 and y are the model parameters. Therefore, with the
trained parameters, the distortion can be estimated by the SATD
and QP.

B. The Model of the Motion Compensation Cost

In order to employ SAD in the fast CU decision, we try to
establish the relationship between SAD and the rate-distortion
model. Combining (1) and (4), the R-D cost can be rewritten as

J=D+X-R.+\-Ry. (8)
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Fig. 3. Relationship between the motion compensation cost and SAD - QP¢.

From (6) and (7), it can be observed that the distortion D and
the coefficient bits R, are both modeled as the functions of the
SATD and QP. Thus, it is reasonable to combine the distortion
and the coefficient bits cost into a new cost, which is defined as
motion compensation cost. The symbol .J,,,. is used to denote
the motion compensation cost, i.e., J,,. = D+ A- R.. The mo-
tion compensation cost means the cost related with the motion
compensation. It has a strong relationship with the motion cost
(such as SATD and SAD) and QP. Then, (8) can be rewritten as

J:Jmc+>\'R17,- (9)

On one hand, the motion compensation cost has a strong re-
lationship with the motion cost and QP. On the other hand, the
SAD costs of both the upper CU and its sub-CUs can be obtained
in the two-layer based ME method. In order to employ the SAD
costs in the fast CU decision, we analyse the relationship be-
tween the motion compensation cost, the SAD cost and QP. In
[33], the parameter v was set to 1.5. Thus, we study on the statis-
tical data of .J,,, and SAD - Q P, where ¢ = 1.5. Fig. 3 shows
the statistical data for P-slices and B-slices, respectively. It is in-
teresting that there is a strong exponential relationship between
Jme and SAD - Q P¢, which can be expressed by

Jme = a- (SAD - QP°)". (10)
This formula is called as the motion compensation cost model
(MCCM). The symbols a, b and ¢ are the model parameters.
Although both of the distortion model in [33] and the proposed
MCCM are in the exponential forms, MCCM is different from
the distortion model. Since the values D and SAT D are dif-
ferent from J,,,. and S AD respectively, the model parameters
a and @ are different with the parameters ¢ and b.

In addition, we evaluate the fitting goodness of MCCM.
Table I shows the R-square values of MCCM for the P-slice
and B-slice, respectively. It can be observed that the average
R-square values are above 0.997 for both the P-slice and
B-slice. That is, MCCM has high accuracy on modeling the
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TABLE I
FITTING GOODNESS (R-SQUARE) OF THE
MOTION COMPENSATION COST MODEL

Sequences P Slice | B Slice
BasketballPass 0.998 0.9995
BQSquare 0.9991 | 0.9991
BQMall 0.9958 | 0.9964
PartyScene 0.9965 | 0.9968
Average 0.9973 | 0.9979

relationship between the motion compensation cost and SAD
cost.

V. FAST CU DECISION

In this section, a fast CU decision algorithm is proposed based
on the motion compensation model. First, an analysis of CU
decision is presented, and a threshold is derived to compare with
the difference of the SAD costs in the fast CU decision. Then,
the details of the proposed fast CU decision are provided.

A. Analysis of CU Decision

From (9), the differences between the R-D costs Jy,,,4p1i4 and

Jspiit, can be calculated as

Junsplit - Jsplit = Jﬁw + A RZ - Jszc — A Ri (11)
where J . and J}, . are the motion compensation costs for the
CU coded as the unsplit and split manners, respectively. The
terms R} and & denote the header bits for the CU coded as the
unsplit and split manners, respectively.

Since QP is a fix value in the CU decision, (10) can be con-
sidered as the function of J,,,. with the variation SAD cost. Per-
forming the Taylor expansion at a point SADy, and ignoring
the high order terms, we obtain

Jme =a- (QP°)" - SADS + a- (QP)* - b- SADS !

x (SAD — SADy). (12)

This formula is a linear approximation of .J,,. for the points
around SAD,.

After the two-layer based ME, the SAD costs of the upper CU
and its sub-CUs can be obtained, which are denoted as SAD,,
and SAD,, respectively. From (10), the motion compensation
costs J . can be estimated with the SAD cost SAD,,, and J3,..
can be estimated with SAD;. Then, (11) can be rewritten as

Junsplit - Jsplit =a- (QPC)b -b- SADgil(SADu

— SAD,)+ MR} — R}) (13)

Then, (2) can be rewritten as
[ unsplit, SAD, —SAD,<T
~ | split, SAD, — SAD, > T
MR}, — Ry)
a-(QP°)’ - b-SADY!

where T' = (14)

The symbol 7" denotes a threshold. It can be rewritten as
~ SADy - MR}, — R})
N I

1s)

2151

where Jp¢, is the corresponding motion compensation cost of
SADy,i.e., Jme, = a- (QP°)? - SADE.

B. The Proposed Fast CU Decision

There are three steps in the proposed fast CU decision, i.e.,
the fast skip mode detection, the fast split mode detection, and
the fast unsplit determination.

1) Fast Skip Mode Detection: The skip mode is an important
coding scheme in HEVC. Especially in the static regions, most
of the CUs tend to be encoded with the skip mode. Furthermore,
the skip mode is generally coded before the other modes. If the
optimal mode is the skip mode, the other modes can be early
terminated. Thus, it is necessary to detect the skip mode in the
fast CU decision.

In this study, a fast skip mode detection method is proposed
using the R-D costs. The R-D cost of a CU encoded with the
skip mode is called as the skip R-D cost. When the temporary
optimal mode is the skip mode after performing the skip and
merge modes, the skip R-D cost is used to determine whether the
skip mode is the final optimal mode. Specifically, the skip R-D
costs are recorded for the last 10 CUs which are encoded with
the skip mode as the optimal mode. A threshold can be estimated
by these 10 R-D costs. A trimmed mean estimator [34]-[36] is
used to calculate the threshold. Specifically, after discarding the
maximum and minimum R-D costs in the samples, it compute
the mean of the remaining R-D costs. The trimmed mean is less
sensitive to outliers than the mean, such that it is a reasonable es-
timate of central tendency or mean for many statistical models.!
It is expressed by

—

1 i n n
Jskip - m (Z Jskip.i - 1;1’1:1(1;1 Jskip.i - r?:aOX Jskip.i>
i=0
(16)

where n is the number of the sample number, i.e., n = 10.
Jskip;» 2 = 0,1,...7n. denote the R-D costs of the last 10 skip
CUs. If the skip R-D cost is smaller than J/sk\ip, the current
CU is determined to encode with the skip mode, i.e., the other
modes are early terminated. Otherwise, the other modes should
be coded continuously.

2) Fast Split Mode Detection: In the fast skip mode detection,
if the skip mode is not determined as the final optimal mode, the
other modes should be coded continuously. The INTER _2N x
2N mode will be coded first. There will be a ME in coding
this mode. As described in the above section, the two-layer mo-
tion estimation will replace the conventional ME. The new ME
method can obtain both the SAD cost of the upper CU and the la-
tent SAD costs of its sub-CUs, which are denoted as SAD,, and
SADy;, respectively. Given SAD,, and SAD,, by estimating
the value of the parameters SADyg, Ji,.,, R}, and R}, the split
flag can be determined as (14) and (15).

Since (12) is the linear approximation of .J,,,. for the points
near SADy, it is reasonable to set SAD, as the average of
SAD, and SAD;. It is expressed by

SADy = (SAD, + SAD,)/2. (17

[Online]. Available: https://en.wikipedia.org/wiki/Truncated_mean
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Furthermore, J,,,., is estimated using the previous encoded
CUs. The R-D costs of the last 10 previous CUs are recorded.
For the previous CU whose SAD cost is the closest to SADg,
the corresponding R-D cost is set as the prediction R-D cost,
jpm. Then, J,,,, is estimated as jpre minus the cost of header
bits. It is given by

Jmey = Jypre — A+ R (18)
Then, (15) can be rewritten as
AD, AD,
T A(S + SAD)R; Rh) (19)

2b(Jp,.e A-RY)

The remain estimated parameters are the header bits It} and
It} . The previous encoded CU is also used in the estimation. It
records header bit numbers of the last 10 encoded CUs. Assume
jp,,e is larger than ARj, it is easy to prove that, if R; gets the
maximum and R} gets the minimum, 7" will get the maximum.
It is expressed by

By =4 xnfx{RI), Ry =min{RL}  (0)
where n is the sample number, i.e., n = 10. The terms Rd
and RdJrl denote the ith header bits for the depth d and d + 1
respectlvely From (5), header bits have the linear relationship
with the number of CU and PU. The number of CU and PU
will be increased if it is encoded as the split manner. Then, the
estimation of Rj, is as 4 times of maX?ZO{RZjl}.

Combining (19) and (20), we can obtain the maximum esti-
mation of 7. Finally, with the difference between SAD, and
SAD,, the split flag can be early detected by the estimated 7'.
IfSAD,—SAD, > T, the coding of current INTER _2N x 2N
mode will be terminated, and the current CU should be encoded
as split manner. Otherwise, continue coding the other modes
normally.

3) Fast Unsplit Mode Determination: In the fast split mode
detection, if SAD,, — SAD, < T, continue coding the other
modes on the current depth. After that, it may get a new R-D
cost, denoted as J,,,, and a new header bits, denoted as k, i.e.,
R} = k. For simplicity, the new estimation of R§ is 4k. The
details of the fast unsplit mode determination are as follows.

1) After coding all the modes on the current depth, if the tem-
porary optimal mode is the skip mode, it will be determined
to be encoded as unsplit manner.

2) Otherwise, update J,,., with the new R-D cost J,,, i.e.,
Jmee = Jm — A+ k, and calculate the new threshold T
using the new parameters Jyp¢, , R;{, R; as in (15). Mean-
time, calculate the average of the R-D costs of the previous
unsplit CUs. It is expressed by

) (Z T~ mig —%JJ e

i=0

— 1

J, unsplit —

where J; is the ith R-D cost of the previous CUs which is
encoded as the unsplit manner. If SAD, — SAD, < T
and J,, < Jyunsptit, the current CU is determined to be
encoded as unsplit manner.
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Fig. 4. Flowchart of the proposed fast CU Decision.

3) Otherwise, continue coding the current CU as the split
manner.

C. Flowchart

The flowchart of the proposed fast CU decision is shown in
Fig. 4. The main steps are as follows.

1) First, code the skip and merge mode and obtain the R-D
cost Jgkip. Calculate Jyyip, as in (16). If the/t\emporary op-
timal mode is the skip mode, and J,x;p < Jekip, the current
CU is determined to be encoded as the skip mode, and go
to step 5. Otherwise, go to step 2.

2) Perform the two-layer ME of the INTER _2N x 2N mode,
and obtain the SAD costs SAD, and SAD,. Estimate
the header bits R} and I}, and obtain the threshold 7. If
SAD, — SAD, > T, the current CU is determined to be
encoded as the split manner. Otherwise, continue coding
the other modes on the current depth and go to step 3.

3) Ifthe temporary optimal mode is the skip mode, the current
CU is determined to be encoded as the unsplit manner, and
go to step 5. Otherwise, go to step 4.

4) Update 7' using the new R-D cost .J,,, and the new header
bits. Calculate Junspht asin (21),if SAD, — SAD; <T
and J,, < Junspht, the current CU is determined to be
encoded as the unsplit manner, and go to step 5. Otherwise,
code it with the split manner.

5) Finish coding the current CU on the current depth.
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TABLE II
FITTED VALUES OF THE PARAMETER b IN
THE MOTION COMPENSATION COST MODEL

Sequences P Slice | B Slice
BasketballPass 1.524 1.585
BQSquare 1.447 1412
BQMall 1.480 1.493
PartyScene 1.441 1.433
Average 1.473 1.481

VI. EXPERIMENTAL RESULTS

A. Test Conditions

In this section, the performance of the proposed fast CU de-
cision is evaluated in terms of the difference of the computa-
tion time, the change of the Bjontegaard Delta (BD) bit-rate
(BDBR) and Peak Signal to Noise Ratio (PSNR) [37]. The pro-
posed method is integrated on the HEVC reference software,
HM9.0.2 The simulation was performed on a PC with an Intel
(R) 2.30 GHz processor, 32 Gb RAM.

In the experiment, 17 sequences were tested, and Quan-
tization Parameters (QP) values were set to 22, 27, 32,
and 37 in order to cover a broad range of qualities and
bit-rate. The experiment settings include the low delay (“en-
coder lowdelay P_main”) and random access (Random_ Ac-
cess_Main). The time savings were calculated as

Tpropose - Treference

AT =

Crre‘ference (22)
where T, op0se denotes the overall encoding time of the pro-
posed fast algorithm and, Tieference denotes the total encoding
time of reference method. Since most of the CUs tend to be en-
coded with the large sizes, such as 64 x 64 and 32 x 32, the
proposed method is implemented only on depth 0 and 1.

The model parameter b in MCCM is employed to estimate the
threshold T'. Table II shows the fitted values of the parameter b.
It can be observed that the average fitted values are 1.473 and
1.481 for the P and B slices, respectively. Furthermore, it shows
that most of the fitted values are close to 1.5. Thus, b is set to
1.5 in the experiments.

In order to validate the effectiveness of the proposed method,
we compared it with the state-of-the-art fast algorithms, in-
cluding the Shen’s algorithms [18], [29], the Vanne’s algorithm
[27], the Ahn’s algorithm [11] and our previous works [23],
[25]. The Shen’s algorithms are labeled as CUD [18] and
STMD [29], respectively. Our previous works are labeled as
PMD [25] and MRF [23], respectively. Since the methods [11],
[18], [27], [29] were developed in different versions (HM12.0,
HM2.0, HMS8.0 and HM10.0, respectively) of HM reference
software, we have carefully implemented them into HM9.0
reference software for fair comparison.

B. Results of the Low Delay Setting

First, we evaluated the performance of the proposed method
on the low delay setting. The 8th column of Table IIT shows
the performance of the proposed algorithm compared with the

2[Online]. Available: https://hevc.hhi.fraunhofer.de/svn/svn HEVCSoftware/
tags/HM-9.0rc2/
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reference software. The test sequences are with different res-
olutions and motion intensity. From the results, it can be ob-
served that the proposed fast CU decision algorithm can save
52% coding time of the reference software on an average. In
other words, the proposed algorithm takes less than half of the
coding time consumed by the reference software. Furthermore,
the average BD bit-rate only increases 1.61%. In particular, for
the sequence Vidyol, the time saving reaches up to 74.6% with
only 0.49% bit-rate increment. Fig. 5 shows the R-D curves of
6 sequences. It shows that the proposed fast CU decision al-
gorithm can achieve a similar R-D performance as that of the
reference software no matter for the low bit-rates and the high
bit-rates. To sum up, the results show that the proposed algo-
rithm can significantly reduce the coding time with only 1.61%
bit-rate increase.

The 2nd column of Table III shows the results of the PMD
method [25]. It can be observed that the average BD bit-rate in-
crement of the PMD method is larger than that of the proposed
method (the former is 1.89% and the latter is 1.61%). However,
the proposed method can further reduce 10% coding time with
respect to the PMD method. Therefore, the proposed method
significantly reduce more coding time with less performance
loss than the PMD method, i.e., the proposed method outper-
forms the PMD method.

In Table III, the 3rd column shows the results of the CUD
method [18]. From the comparison results, it can be observed
that the average BD bit-rate increment of the proposed algo-
rithm is almost equal to that of the CUD method (The former is
1.61% and the latter is 1.60%). However, the proposed method
can further reduce about 13% of the coding time with respect
to the CUD method. In other words, the proposed algorithm re-
duce the coding time far more than the CUD method with al-
most the same coding performance degradation. Some of the
results (such as Kimono, BasketballDrive) show that the pro-
posed method achieve slightly more bit-rate increments than
that of the CUD method. However, the proposed algorithm can
achieve significantly more time savings than that of the CUD
method. For example, 23% of the coding time can be further re-
duced with only 1.45% bit-rate increase for sequence Kimono. It
can be concluded that the proposed algorithm can obtain a better
trade-off in terms of the time saving and the performance degra-
dation. The proposed algorithm outperforms the CUD method.

The 4th column of Table III shows the results of the MRF
method [23]. It can be observed that the average time saving of
the proposed algorithm is slightly less than that of the method
[23]. However, the bit-rate increment of the proposed algorithm
is less than that of the method [23] (the former is 1.61%, and the
latter is 2.19%). It shows that the proposed fast CU algorithm
is competitive with the method [23]. However, on one hand, the
proposed method is designed with only simple operations, such
as few additions and shifts. On the other hand, there are only
small changes of the two-layer ME with respect to the conven-
tional ME. Thus, the design style of the proposed method is very
suitable for chip development.

The 5th, 6th, 7th columns of Table III show the results of the
Ahn’s algorithm [11], the Vanne’s algorithm [27], the STMD
method [29], respectively. As shown in Table III, the average
BD bit-rate increments of these methods [11], [27], [29] are
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TABLE III
PERFORMANCE COMPARISON OF PROPOSED METHOD WITH RECENT WORKS (LOW DELAY)

PMD [23] CUD [18] MRF [23] Ahn [11] Vanne [27] STMD [29] | Proposed Method
Sequences BDBR AT |BDBR AT |BDBR AT |BDBR AT |BDBR AT |BDBR AT |BDBR AT
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Traffic 204 467 | 1.72 -48.0 | 281 666 | 1.67 453 | 1.03 460 | 1.02 _ -520 | 1.88 602
PeopleOnstreet | 191 423 | 123  -369 | 131 509 | 144 292 | 0.76 345 | 095 352 | I.11 12
BasketballDrive | 3.69 523 | 1.76  -39.7 | 352  -62.6 | 1.14 414 | 127 -404 | 0.74 -432 | 2.22 366
Cactus 190 414 | 224 454 | 315 603 | 187 460 | 120 39.7 | 0.87 451 | 1.65 355
ParkScene 180 437 | 099 413 | 251 -62.6 | 138 503 | 086 -444 | 0.86  -485 | 2.09 352
Kimono 176 482 | 048 302 | 258 -66.1 | 097 450 | 1.04 367 | 0.16 376 | 1.93 332
Vidyol 1.65 570 | 1.78 -64.7 | 297 -75.8 | 1.16 645 | 130 555 | 0.69  -624 | 0.49 746
Vidyo3 122 516 | 095 558 | 2.83 -705 | 1.01 575 | 135 490 | 1.33 _ -582 | 0.49 665
Vidyod 217 607 | 278 577 | 275 -73.1 | 1.12 564 | 1.04 -51.0 | -0.09 -60.1 | 0.77 69.7
BasketballDrill | 1.27  -353 | 2.84  -37.6 | 220 -579 | 158 372 | 062 374 | 050 373 | 0.96 483
BQMall 321 481 | 572 438 | 196 -59.6 | 127 422 | 079 402 | 1.24 -417 | 1.70 3526
RaceHorsesC | 247  -330 | 093  -28.1 | 159  -489 | 1.13 268 | 073  -33.1 | 0.80 -304 | 1.29 209
PartyScene 148 317 | 053 306 | 1.18 480 | 099 -312 | 055 314 | 095 303 | 2.47 403
BasketballPass | 1.73  -39.7 | 051 349 | 131  -61.6 | 084  40.7 | 057 383 | 1.14  -354 | 3.30 531
BlowingBubbles | 1.73 313 | 0.79 241 | 2.11 _ -504 | 1.17 327 | 1.19 350 | 1.31 _ -30.3 | 2.82 42,6
RaceHorses 092 297 | 044 212 | 124 447 | 097 230 | 1.06  30.1 | 1.41 254 | 1.46 303
BQSquare 125 232 | 1.60 261 | 121 547 | 130 -326 | 0.78 430 | 142 418 | 0.75 436
Average 189 421 | 1.60 -39.2 | 219  -59.7 | 124 -413 | 095 403 | 090 -42.1 | 1.6 352.0
SD 0.70 104 | 1.31 123 | 0.77 9.1 | 028 115 | 0.26 71 | 0.42 1.1 | 0.8 1.6

TABLE IV
PERFORMANCE COMPARISON OF PROPOSED METHOD WITH RECENT WORKS (RANDOM ACCESS)

PMD [25] CUD [18] MRF [23] Ahn [11] Vanne [27] STMD [29] | Proposed Method
Sequences  BBER— AT |[BDBR AT |BDBR AT |[BDBR AT |BDBR AT |BDBR AT |BDBR AT
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Traffic 351 522 | 205 514 | 365 713 | 162 636 | 095 -51.0 | 094 599 | 2.20 695
PeopleOnstreet | 199  -37.7 | 247  -39.0 | 206  -54.6 | 1.08 281 | 147 463 | 112  -380 | 147 463
BasketballDrive | 331 -452 | 662  -48.7 | 393  -65.7 | 234 532 | 199 437 | 095 -484 | 3.82 613
Cactus 216 438 | 587 -471.6 | 366 -649 | 267 549 | 1.12 449 | 0.85 -524 | 2.40 624
ParkScene 313 482 | 186 -442 | 278 617 | 149 518 | 0.87 493 | 099 565 | 2.05 648
Kimono 206 363 | 467 -39.1 | 398 686 | 1.84 598 | 129 409 | 0.73 -415 | 493 3578
Vidyol 203 587 | 196 -61.4 | 290 -785 | 169 545 | 132 545 | 056  -69.3 | 1.21 777
Vidyo3 192 535 | 148 575 | 317 -154 | 083 552 | 096 526 | 0.79  -66.0 | 0.80 731
Vidyo4 261 563 | 2.80 -539.6 | 299  -763 | 2.13 586 | 128 534 | 0.62 -664 | 1.32 748
BasketballDrill | 1.52  -44.1 | 476  -41.5 | 327 -60.1 | 1.63  -40.7 | 097  -41.6 | 0.74  -41.0 | 1.40 321
BQMall 171 446 | 611 -455 | 266 -63.6 | 1.97 -443 | 092 -449 | 0.83  -464 | 1.83 583
RaceHorsesC | 1.76  -32.4 | 320  -32.1 | 294 -51.3 | 243 346 | 152  -364 | 134 -31.8 | 2.06 442
PartyScene 150 329 | 158 364 | 145 -53.1 | 083  -364 | 057 -37.6 | 096 379 | 2.09 470
BasketballPass | 1.08  -47.7 | 299  -389 | 1.85 -66.2 | 153  -32.1 | 060 -480 | 1.1l _ -492 | 0.60 59.7
BlowingBubbles | 1.27  -31.0 | 058  -27.6 | 212  -53.3 | 093  -365 | 0.66  -39.9 | 097 355 | 2.67 50.1
RaceHorses 087 305 | 1.02 233 | 196 -469 | 127 279 | 1.00 341 | 1.08 -268 | 1.56 342
BQSquare 121 396 | 051 -37.1 | 1.15 -623 | 084 472 | 051 467 | 059 497 | 1.58 388
Average 198 432 | 297 430 | 274 -632 | 159 458 | 1.06  -45.0 | 0.89  -48.1 | 2.00 584
SD 0.77 89 | 195 107 | 0.85 92 | 039 116 | 0.39 61 | 021 125 | 1.06 11.8

slightly less than that of the proposed method. However, the pro-
posed method significantly reduce more coding time (11%, 12%
and 10%, respectively) than these methods [11], [27], [29]. The
above experimental results indicate that the proposed method is
superior or comparable to the three state-of-the-art fast CU de-
cision methods on the low delay setting.

C. Results of the Random Access Setting

We also evaluate the proposed algorithm on the random ac-
cess setting. The 8th column of Table IV shows the results of
the proposed method when compared with the reference soft-
ware. It can be observed that the proposed method can reduce
58.4% of the coding time with only 2% BD bit-rate increment.
The results indicate that the proposed method can speed up the
CU decision effectively.

The 2nd column of Table IV shows the results of the PMD
method [25]. As shown in Table IV, the PMD method reduce av-
erage 43.2% of the total coding time with 1.89% BD bit-rate in-
crement. The proposed method reduce more (15%) coding time

than PMD with only 0.11% BD bit-rate increment. It can be con-
cluded that the proposed method significantly outperforms the
PMD method on the random access setting.

The 3rd column of Table IV shows the results of the CUD
method. The CUD method can reduce 43% of the coding time
with 2.97% BD bit-rate increment in average. The proposed
method can further reduce about 15% of the total coding time
with respect to the CUD method. Furthermore, the average bit-
rate increment of the proposed method is less than that of the
CUD method. It can be concluded that the proposed method sig-
nificantly outperforms CUD in terms of both the time saving and
coding performance degradation on this setting.

The 4th column of Table IV shows the results of the MRF-
based method [23]. It can be observed that, the time saving of
the proposed method is slightly smaller than that of the method
[23] (the former is 58.4%, the latter is 63.2%). However, the
bit-rate increment of the proposed method is significantly lower
than that of the method [23] (The former is 2%, the latter is
2.78%). On this setting, the proposed method can obtain a better
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Fig. 5. R-D performance of the proposed fast CU decision.

trade-off between the time saving and coding performance loss
than the method [23].

The 5th, 6th, 7th columns of Table IV show the results of the
Ahn’s algorithm [11], the Vanne’s algorithm [27], the STMD
method [29], respectively. Furthermore, the performance com-
parisons of the random access setting are similar to that of the
low delay setting. On this setting, it can be observed that the BD
bit-rate increment of the methods [11], [27], [29] are slightly less
than that of the proposed method, and the SDs are smaller than
that of the proposed method. However, the proposed method

saves more coding time (13%, 13% and 10%, respectively) than
these methods [11], [27], [29]. It can be concluded that the pro-
posed method is superior and comparable to the state-of-the-art
algorithms on this setting.

We also calculate the standard deviations (SD) of the BD
bit-rate increments and time savings. As shown in Table III, and
Table IV, for the proposed method, the SDs of bit-rate increment
are only 0.81% and 1.06% under the low delay and random ac-
cess settings, respectively. It can be observed that the proposed
method is robust to different video contents. On one hand, the
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TABLE V
PERFORMANCE OF THE SUB-ALGORITHMS (LOW DELAY)

FSkip FSplit FUnsplit Overall
Sizes Sequences BDBR AT | BDBR AT | BDBR AT | BDBR AT
(%) (%) (%) (%) (%) (%) (%) (%)
Class A Traffic 045 392 | 050 938 086 494 | 188 -60.2
(2560 % 1600) PeopleOnstreet 0.22 -15.7 0.37 -22.2 0.81 -24.0 1.11 -41.2
BasketballDrive 053 265 187 -11.6 | 08I 458 | 222 -56.6
Cactus 034 294 | 059 -144 | 090 -42.1 1.65 -35.5
Class B ParkScene 042 334 | 034 9.1 .14 444 209 552
(1920x1080) Kimono 0.63 206 | 234 -17.1 | 091  -40.1 193 532
Vidyol 024 551 | 054 6.5 022 622 | 049 746
Class E Vidyo3 021 466 | 033 79 0.15 561 | 049 -66.5
(1280x720) Vidyo4 022 493 | 067 33 026  61.1 | 077 -69.7
BasketballDrill 028 223 | 055 -159 | 058 353 | 096 483
BQMall 0.43 285 | 041 158 | 089 381 170 -52.6
Class C RaceHorsesC 027 -133 | 033 -188 | 0.76 256 129  -40.9
(832x480) PartyScene 043 -146 | 009 -16.1 1.88 271 | 247 403
BasketballPass 042 231 | 0.16 5.7 227 350 | 330 -53.1
BlowingBubbles | 0.63  -18.1 | 052  -11.8 176 31.1 | 282 46
Class D RaceHorses 0.29 83 024 -125 | 084 -180 | 146  -30.3
(416x240) BQSquare 0.03 336 | 0.18 -129 | 036 -388 | 0.75 -43.6
Average 0.33 -28.1 0.59 -12.6 091 -39.7 1.61 -52.0
TABLE VI
PERFORMANCE OF THE SUB-ALGORITHMS (RANDOM ACCESS)
FSkip FSplit FUnsplit Overall

Sizes Sequences BDBR AT | BDBR AT | BDBR AT | BDBR AT
(%) (%) (%) (%) (%) (%) (%) (%)
Class A Traffic 058 502 | 083 92 .16 574 | 220 -695
(2560 x 1600) PeopleOnstreet 0.20 -21.6 0.67 -25.0 1.04 -30.9 1.47 -46.3
BasketballDrive 127 364 | 327 -126 | 094 493 | 38 613
Cactus 0.56  -40.1 177 -136 | 120 492 | 240 -62.4
Class B ParkScene 054 445 | 074 935 123 532 | 205 -648
(1920x1080) Kimono .18 293 | 328 -169 .15 446 | 493 578
Vidyol 023 627 1.44 5.8 058 675 121 777
Class E Vidyo3 0.09 560 | 095 71 045 634 | 080 -73.1
(1280x720) Vidyo4 0.62 572 | 2.14 6.2 029  -65.7 132 -748
BasketballDrill 038 298 135 -157 | 076 -399 140 521
BQMall 038 367 | 070 -152 | 120 444 | 188 -38.3
Class C RaceHorsesC 084 180 | 133 20.1 109 286 | 206 -442
(832x480) PartyScene 057 250 | 040 -150 | 147 348 | 209 -47.0
BasketballPass 001 413 | 040 -118 | 040 -465 | 060 -59.7
BlowingBubbles | 0.54  -33.0 | 042  -13.1 102 373 | 267 -50.1
Class D RaceHorses 024 -13.1 | 044 -156 | 095 212 | 156 -342
(416x240) BQSquare 042 402 | 0.5 44 122 496 | 158 -588
Average 051 374 | 1.19 -128 | 095 461 | 200 -58.4

bit-rate increment SDs of the proposed method are close to that
of the PMD and MRF-based methods, and they are smaller than
that of the CUD method. That is, the proposed method achieves
comparable or superior robustness as the PMD, MRF, and CUD
methods. On the other hand, the bit-rate increment SDs of the
proposed method are larger than that of the Ahn’s algorithm
[11], the Vanne’s algorithm [27], the STMD method [29]. How-
ever, the proposed method results in significantly more time sav-
ings. Furthermore, it can be observed that the SDs of the time
savings are around 10% for all the comparative methods. It in-
dicate that the time savings are mainly influenced by the video
contents. When encoding the simple videos, more time is likely
to be saved. On the contrast, less time is likely to be saved for
the complex videos.

D. Contributions of the Sub-Algorithms

As introduced in the above section, the proposed method in-
cludes three mode detection algorithms, i.e., fast skip mode de-
tection (FSkip), fast split mode detection (FSplit), and fast un-
split detection (FUnsplit). In order to investigate the perfor-
mance contribution of each part, we have evaluated the BD

bit-rates and time savings of these sub-algorithms. Experimental
results of the low delay and random access settings are shown
in Tables V and VI, respectively.

As shown in Table V, FSkip yields about average 28.1%
reduction of the total coding time with only 0.33% BD-rate
increment. Especially for the sequence Vidyol, FSkip greatly
reduces about 55.1% coding time with only 0.24% BD bit-rate
increment. On the other hand, FUnsplit saves about 39.7%
coding time with only 0.91% BD bit-rate increment. The
sequence Vidyol also achieves the best performance in all
the tested sequences. That is, the sequence Vidyol achieves
the most time saving for both the FSkip and FUnsplit detec-
tions. The reason is that, the sequence Vidyol is with static
background and smooth motion. It makes that CUs in this
sequence are more likely to be encoded as the skip mode and
the unsplit manner. The results of the other sequences also
validate that FSkip and FUnsplit reduce more coding time for
the sequences with smooth motion than that of the complex
sequences. Furthermore, FSplit results in about 12.6% time
saving with average 0.59% BD bit-rate increment. It can be
observed that, for Vidyol, FSplit saves almost the least coding
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TABLE VII
TIME SAVINGS OF DIFFERENT VIDEO RESOLUTIONS
Resolutions
Conditions Class A Class B Class C Class D Class E
2560x 1600 | 1920x1080 | 832x480 | 416x240 | 1280x720

Low Delay -50.67 % 5514 % | 4552 % | 4239 % -70.28

Random Access | -57.87 % 61.57 % | -50.39 % | -50.71 % -75.22

Average 5427 % 5835 % | 4796 % | -46.55 % “72.75

TABLE VIII TABLE IX
RESULTS OF TIME SAVINGS ON DIFFERENT QPS PERFORMANCE OF THE PROPOSED METHOD FOR THE AVC TESTED SEQUENCES
- QP Low Delay Random Access
Conditions QP=37 | QP=32 | QP=27 | QP=22 Sizes | Sequences | BDBR | AT [ BDBR | AT
Low Delay 62.86% | -55.38% | -48.65% | -41.20% i (%) (%) (%) (%)
Random Access | -68.42% | -61.70% | -54.99% | -4831% Akiyo 0.16 | -654 | 094 | -70.7
Average 65.64% | -58.54% | -51.82% | -44.75% City 371 1441 169 | -453
QCIF Crew 0.67 | 348 | 127 | -39.1
Soccer 070 | 297 | 042 | 314
. . L . . Tempete 275 | 375 | 246 | 458
time. However, for the sequences with high intensity motion Bus 228 | 334 | 246 | 420
(such as, RaceHorsesC, PartyScene and PeopleOnstreet), CIF F‘];m?an %gi '322 %-‘7‘3 ‘g‘;i
. . . . . aris . -40. . =J).

FSplit saves significantly more coding time than the sequences Average 180 428 | 169 | 480

with smooth motion (such as, Vidyol, Vidyo3, and BOSquare).
It can be considered that FSplit is complementary with FUn-
split. The overall scheme which combines these sub-algorithms
together yields average 52% time saving with only 1.61% BD
bit-rate loss, i.e., the overall scheme saves the most coding
time. Results in Table VI show that the performance of random
access setting is similar with that of the low delay setting. It
is observed that all the sub-algorithms reduce the total coding
time effectively with acceptable BD bit-rate increments.

E. Time Saving Statistics and Analyses

We also investigate the performance of the proposed method
tested with different parameters, such as QP, and video resolu-
tions. Table VII shows the time saving of the proposed method
performed on different resolutions. From the results, we can see
that the average time saving of class E reaches up to 72.75%,
which is significantly larger than that of the other classes. That
is because the videos in class E are particular. Backgrounds of
these video are static, and the foreground are with small mo-
tions. For these videos, most of the CUs are encoded as the un-
split manner, or the skip mode. Furthermore, the time savings of
the other classes are around 50%. It indicates that the proposed
algorithm is robust to a wide range of video resolutions.

Table VIII shows the time savings of different QPs on the two
settings, respectively. When QP is set to 37, the time saving is
66.64%. When QP is set to 22, the time saving is 44.75%. It
can be observed that the time savings of high QPs are larger
than that of the low QPs. When a video is encoded with the
high QP, the CUs tend to be encoded as the unsplit manner,
and most of the CUs encoded as the skip mode. It indicates
that the proposed method is more efficient for the low bit-rate
applications. However, even for the QP 22, almost half of the
coding time is reduced. It can be concluded that the proposed
method is robust to a wide range of bit-rates.

F. Results of the AVC Tested Sequences

In order to validate that the proposed algorithm is generally
applicable to different contents, the AVC sequences with sizes
QCIF and CIF are tested. Results are shown in Table IX. It

can be observed that the proposed algorithm reduces average
42.8% and 48.0% of the total coding time, when the average
BD bit-rate increments are only 1.80% and 1.69% for the low
delay and random access settings, respectively. Especially for
the sequence Akiyo, the proposed method saves up to 65.4%
and 70.7% coding time with only 0.16% and 0.94% BD bit-rate
increments for the low delay and random access settings, re-
spectively. The results indicate that the proposed algorithm is
also applicable to the QCIF and CIF sequences.

G. Performance of Applying the Full Search ME

The TZsearch ME method is applied in this work. Some of the
search points are skipped in the TZsearch ME. In this case, SAD
calculation of the sub-CU only covers the points that the CU
ME reaches. However, the sub-CUs ME may search on different
points. In order to investigate the differences, we tested the pro-
posed scheme with the full search ME on the low delay setting.
Experimental results are shown in Table X. It can be observed
that, when applying the full search ME, the average BD bit-rate
increment is slightly less than that of applying the TZsearch ME
(The former is 1.64%, and the latter is 1.84%). However, both
of the coding performance losses are significantly small, i.e., the
proposed algorithm is suitable to both of the two ME schemes.

In addition, we investigate the encoding time of different
schemes. As shown in Table X, 7,1 and 7;. denote the en-
coding time consumed by the HM reference software when ap-
plying the full search ME and TZsearch ME, respectively. The
symbols Tprop+full and Tprop ¢ denote the encoding time of
the proposed fast CU decision algorithm when applying the
full search ME and TZ search ME, respectively. The relative
time savings of applying the two ME schemes are denoted as
T"""’*Tff‘:'lll—Tf““ and T‘“"p}: —T= respectively. The relative time
saving of applying the full search ME is larger than that of
applying the TZsearch ME (The former is about 60.6%, and
the latter is about 44.0%), i.e., more modes are early detected
or skipped when applying the full search ME. It can be con-
cluded that the more accurate SAD calculation of the sub-CUs
will lead to more time saving. However, when comparing with
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TABLE X
PERFORMANCE OF APPLYING THE FULL SEARCH ME AND THE TZSEARCH ME

Full Search TZsearch
Tpro wll —Lfull Tpropttz—1t= Tprop+tz—1full
Sequences BDBR % BDBR ~ —rrepit: P P;fu” s
(%) (%) (%) (%) (%)
BasketballDrill 0.59 -66.9 0.96 -48.3 -97.2
BQMall 1.55 -71.9 1.70 -52.6 -97.7
RaceHorsesC 1.30 -54.0 1.29 -40.9 -95.3
PartyScene 2.39 -56.2 2.47 -40.3 -96.2
BQSquare 2.63 -60.4 3.30 -43.6 -97.2
BlowingBubbles 2.97 -58.6 2.82 -42.6 -96.6
RaceHorses 1.06 -43.0 1.46 -30.3 -94.6
BasketballPass 0.65 -73.9 0.75 -53.1 -98.0
Average 1.64 -60.6 1.84 -44.0 -96.6

T+, the average time saving of applying the TZsearch ME
is significantly larger than that of applying the full search ME
(The former is about 96.6%, and the latter is about 60.6%). The
reason is that the full search ME drastically increase the com-
putational complexity. Therefore, it is better to implement the
proposed fast CU decision algorithm on the encoder with the
fast ME methods, such as the TZsearch ME. The future work is
improving the accuracy of the sub-CU SAD calculation.

VII. CONCLUSION

In this paper, a two-layer ME based fast CU decision method
has been proposed. This method employs the latent SAD estima-
tion for the fast CU decision. First, we design a two-layer based
ME method. The new ME method obtains the SAD costs for
both the upper CU and its sub-CUs. The upper SAD cost can re-
flect the motion compensation effect of the upper CU, as well as
the sub SAD costs can reflect the motion compensation effect of
the sub-CUs. Then, we define the concept of motion compensa-
tion R-D cost and its exponential expressing model. This model
can express the relationship between the motion compensation
R-D cost and the SAD cost. Based on the exponential model, we
can derive a threshold. The fast CU decision is converted to the
problem of estimating the threshold. The split flags can be early
determined by comparing the estimated threshold with the SAD
cost difference. Experimental results show that the proposed al-
gorithm significantly reduce average 52% and 58.4% encoding
time with only 1.61% and 2% bit-rate increases for the low delay
and random access settings, respectively.
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