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Abstract— In this paper, an adaptive block coding order for
intra prediction is proposed. Modern video coding standards,
including the most recent High Efficiency Video Coding (HEVC),
utilize fixed scan orders in processing blocks during intra coding.
However, the fixed scan orders typically result in residual blocks
with noticeable edge patterns. That means the fixed scan orders
cannot fully exploit the content-adaptive spatial correlations
between adjacent blocks, thus the bitrate after compression tends
to be large. To reduce the bitrate induced by inaccurate intra
prediction, the proposed approach adaptively chooses both the
block and subblock coding orders by minimizing the coding cost.
Specifically, determining the block coding order is formulated
as a traveling salesman problem that is solved using dynamic
programming. Besides the block coding order, we also design the
subblock coding order in each block with an adaptive manner.
The experimental results demonstrate a Bjøntegaard-Delta-rate
reduction of up to 4.4% compared with HEVC anchor.

Index Terms— Adaptive block coding order (ABCO), High
Efficiency Video Coding (HEVC), intra prediction, video coding.

I. INTRODUCTION

INTRA frames are essential for a video coding system
to enable random access and avoid error propagation.

Moreover, the quality of intra frames closely affects the quality
of subsequent inter frames. In a traditional block-based intra-
coding system, a block of pixels is first predicted from the
neighboring pixels in previously coded blocks, and then the
prediction residual is converted into a bit stream by transform
coding and entropy coding. A more accurate prediction leads
to a lower residual energy, and thus a lower number of
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resultant bits. Therefore, a prediction scheme that generates
less residual energy is highly desirable in intra coding.

In modern video coding standards, intra prediction is mostly
carried out by directional extrapolation, where the predicted
pixels are generated by copying the reference pixels in previ-
ously coded blocks along an angular direction. H.264/AVC [1]
utilizes eight directions, and High Efficiency Video Cod-
ing (HEVC) [2] supports up to 33 directions. The prediction is
performed block by block in a fixed scan order and only above
and/or left neighboring reconstructed blocks are employed
to generate prediction block. Our previous work [3] has
shown that the prediction accuracy in HEVC is sensitive to
the edge directions within blocks. The sensitivity is highly
correlated with the subblock scan order. Only the edges that
are approximately along the fixed Z-scan subblock coding
order can be efficiently predicted.

There have been recent efforts on improving the
intra-coding efficiency by changing the subblock coding
order [3]–[5]. In [4], the subblock coding order in a
macroblock (MB) is chosen from either original Z-scan order
or inverse Z-scan order depending on the rate–distortion (RD)
optimization process. The inverse Z-scan order enables the
current block to utilize the below and/or right neighboring
blocks for prediction. More optional subblock orders are
provided in [5], where a unified extra/interpolating prediction
strategy is designed to adapt all the possible orders. Our pre-
vious work [3] was proposed to deal with the subblocks with
flexible sizes, since both [4] and [5] support subblocks with
fixed sizes only. A common problem of these three methods
is that the block coding order is always fixed, although the
subblock coding orders are changed adaptively.

Changing the block coding order with fixed subblock order
is allowed in flexible MB ordering (FMO) [6], [7] mode
in H.264. Using FMO, MBs are classified into at most eight
slice groups. The slice groups can be coded in arbitrary orders,
while within a slice group, blocks are coded in default scan
order. By allowing arbitrary slice group orders and nonconsec-
utive blocks to belong to the same slice group, FMO enables
the blocks in one frame coded in a variety of orders. FMO is
designed for error resilience. Using multiple slice groups
spreads out burst errors, but lowers the coding efficiency.

In this paper, we propose to select both the subblock and
the block coding order adaptively. Different from FMO, the
purpose of changing block coding order in our approach is to
maximize the coding efficiency, and the order can be changed
more thoroughly by traversing all the possible orders. Specifi-
cally, we formulate the problem of choosing the block coding
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Fig. 1. Example of block partitioning and reference pixels selection in HEVC intra prediction. Left to right: CTU partitioning, CU partitioning, and reference
pixels for current CU. The number denotes the processing order of blocks.

Fig. 2. Thirty-five intra-prediction modes in HEVC.

order as a traveling salesman problem (TSP) that minimizes
the coding cost. The TSP problem is then solved by applying
dynamic programming. Experiments show that the proposed
method outperforms the state-of-the-art HEVC, implying that
the proposed method is capable of making a good prediction
for the regions containing edges with any direction.

The rest of this paper is organized as follows. Section II
presents the intra prediction of HEVC and its limitations.
We introduce our block and subblock coding order selection
schemes in Section III. Experimental results and analyses are
given in Section IV. Section V concludes our work.

II. INTRA PREDICTION IN HEVC

Two new features of HEVC intra prediction compared
with H.264 are the quadtree-based block partitioning scheme
and the increased intra-prediction modes [8]. In HEVC, a
frame is divided into large nonoverlapping blocks called
coding tree units (CTUs). The CTUs are further partitioned
into subblocks called coding units (CUs)1 according to a
quadtree-based structure. Within one frame, all the CTUs are
processed in raster scan order. Within one CTU, all the CUs
are processed in Z-scan order, as illustrated in Fig. 1. The CTU
in the middle part of Fig. 1 is subdivided into 16 CUs with
different sizes. The flexible partitioning scheme enables the
encoder to better exploit the spatial correlation by choosing
appropriate block sizes. A CU is further divided into one
or four prediction units (PU) and each PU can have dif-
ferent prediction modes. HEVC intra coding supports up to
33 directional modes, along with dc mode and planar mode, as
illustrated in Fig. 2. When predicting an N × N block, there

1In the rest of this paper, we denote block by CTU and subblock by CU.

Fig. 3. Example of traditional raster scan coding order. The number denotes
the processing order. (a) Blocks are processed in raster scan order. (b) Blocks
are processed in a different order from (a).

are 4× N +1 reference pixels from neighboring reconstructed
blocks. If the neighboring blocks are unavailable, reference
pixels (padded pixels) are copied from the nearest available
reference pixels, as shown in Fig. 1.

As a convention of block-based video coding standards,
CTUs in HEVC are processed in raster scan order. With
such a processing order, only left, left-above, above, and
right-above neighboring reconstructed CTUs can be employed
as references to predict the current CTU. As illustrated
in Fig. 2, the prediction direction can only cover a half plane
from 45° (mode 2) to 225° (mode 34). In other words, the
encoder and the decoder are not able to perform prediction
from angles in the other half plane. In Fig. 3(a), the current
block is divided into two parts by an edge. When raster scan
order is used, current block can only employ left, left-above,
above, and right-above neighboring reconstructed blocks as
references for prediction. Hence the gray part below the edge
cannot be well predicted. However, if the coding order is
approximately along the edge direction, as shown in Fig. 3(b),
the gray part can be efficiently predicted from its right
neighboring reconstructed block. Similar problem exists in the
Z-scan CU coding order when coding one CTU. Therefore,
the traditional block coding orders (raster and Z-scan) are
not capable of fully exploiting the spatial correlation between
adjacent blocks. This motivates us to adaptively select both
CTU and CU coding orders such that the spatial redundancy
can be further reduced.

III. ADAPTIVE BLOCK CODING ORDER

The basic idea of our method is to find an optimal coding
order that minimizes the total coding cost of all the CTUs
in one frame. We apply the well-adopted RD cost in
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our optimization

RD = D + λ × R (1)

where D is the sum of the square difference between the
original CTU and the reconstructed CTU. R is the coded
bits for the current CTU, and λ is the predefined Lagrangian
multiplier.

Let N be the number of CTUs in one frame. Initially each
CTU is assigned one index from 1 to N in the raster scan order.
We denote xV = [1, 2, . . . , |V|]ᵀ ∈ N

|V | as the vector of the
initial CTU indices, where V = {1, 2, . . . , |V|} and |V| = N

is its cardinality. We further denote yV ∈ N
|V | as the actual

coding order of N CTUs, and the index of the i th coding CTU
is yVi . Without loss of generality, we define yV = PVxV , where

PV ∈ N
|V |×|V | is a permutation matrix.

We formulate our optimization problem as follows:

min
PV

|V |∑

i=1

RD
(
yVi |yVi−1, yVi−2, . . . , yV1

)

s.t. yV = PVxV (2)

where RD(yVi |yVi−1, yVi−2, . . . , yV1 ) denotes the RD cost of

CTU yVi after CTUs yVi−1, yVi−2, . . . , yV1 have been coded.2

As different permutation matrices PV lead to different coding
orders, the problem becomes to find an optimal PV (yV )
to minimize the total cost. Equation (2) is a combinatorial
optimization problem and the total number of possible PV s
is N ! Trying all N ! possibilities is NP hard. In the following,
we reformulate (2) as a TSP and solve it by applying dynamic
programming.

A. Total Cost Minimization by Dynamic Programming

Minimizing the total cost is equivalent to finding the shortest
path that traverses each of N CTUs only once, with the
cost of traversing one CTU yVi being the conditional coding

cost RD(yVi |yVi−1, yVi−2, . . . , yV1 ). This can be regarded as an
instance of the TSP [9]. As suggested in [10], we apply
dynamic programming to solve TSP. The core idea of dynamic
programming is to break down the original complicated prob-
lem into simpler subproblems in a recursive manner. In terms
of solving (2), the broken down simpler subproblem is to find
the optimal coding order of CTUs in indices subset S ⊆ V .

We define C(S), the minimized cost of coding all CTUs
in S, as follows:
C(S)=min

j∈S
{
C(S \ { j}) + RD

(
j |ŷS\{ j }

|S|−1, ŷS\{ j }
|S|−2, . . . , ŷS\{ j }

1

)}

(3)

where ŷS\{ j } = P̂S\{ j }xS\{ j } denotes the optimal coding
order of all the CTUs in S \ { j}. xS\{ j } ∈ N

(|S|−1) is a vector
whose elements are all indices in S \ { j} sorted in ascending
order. P̂S\{ j } is the calculated optimal permutation matrix

for CTUs in set S \ { j}. RD( j |ŷS\{ j }
|S|−1, ŷS\{ j }

|S|−2, . . . , ŷS\{ j }
1 )

denotes the RD cost of CTU j after all the other CTUs in S
have been coded.

2For clear presentation, by CTU i , we actually mean CTU indexed by i .

Our dynamic programming algorithm calculates C(S) with
all possible S from size 1 to N . That is, we first calculate C(S)
when |S| = 1. In that case, C({ j}) = RD( j |∅) is the RD cost
of CTU j when it is the first processed CTU. After solving
all C({ j}) with |S| = 1, we then use (3) to obtain C(S)
for all S of size 2. This process is repeated until |S| = N .
The corresponding optimal coding order of each subset S is
recorded after C(S) is obtained. When |S| = N (i.e., S = V),
we get the expected minimum cost C(V) and the correspond-
ing optimal order ŷV .

According to (3), when |S| = k, k comparisons are required
to get C(S). There are

(N
k

)
kinds of S for |S| = k. For

calculating C(S) with all possible S from size 1 to N , the
total number of required comparisons as well as the required
memory size is

1 ×
(

N

1

)
+ 2 ×

(
N

2

)
+ · · · + N ×

(
N

N

)
= N × 2N−1. (4)

We traverse all the possible CTU coding orders with a reduced
complexity from N ! comparisons to N × 2N−1 comparisons.
When N is reasonably small, the TSP can be efficiently
solved by dynamic programming. One thing to note is that
our problem is slightly different from the original TSP in [10].
In the original TSP, a salesman is required to visit once each
of N different cities starting from a base city, and returning
to this city. The cost is defined between two cities. The
complexity is N2 × 2N−1 [10]. While in our problem, the
cost is defined in one CTU, not between two CTUs, and we
do not need to return to the base CTU. As calculated in (4),
the complexity becomes N × 2N−1.

In our experiments, large frames are divided into rectangular
subregions. Each subregion contains N = 5 × 4 CTUs and
runs the dynamic programming algorithm independently. For
N = 20, running the dynamic programming algorithm one
time with given RD cost takes about 1 s in a computer with
a 2.5-GHz Intel Core processor.

B. RD Cost Approximation

To solve (3), the actual RD cost of each CTU in any order
must be calculated. However, it is impractical to try all the
possible coding orders to get the exact RD cost for each CTU.
Therefore, we propose to approximate the RD cost for CTUs
in different orders.

As only eight neighboring CTUs can be employed as
references to predict the current CTU in intra prediction, the
RD cost of coding the current CTU depends on those neighbor-
ing CTUs which have already been coded. In our algorithm,
only four-neighboring CTUs (above, below, left, and right)
indexed as j A, j B, j L, and j R are considered, because the
reference samples are mostly chosen from these four neigh-
bors. The results from eight neighbors have a negligible
improvement while with much more expensive complexity.

Letting M be the set of indices of neighboring CTUs coded
before the current CTU

M = { j A, j B, j L, j R} ∩ {
ŷS\{ j }
|S|−1, ŷS\{ j }

|S|−2, . . . , ŷS\{ j }
1

}
(5)

we approximate the RD cost in (3) as follows:
RD( j |M) ≈ RD

(
j |ŷS\{ j }

|S|−1, ŷS\{ j }
|S|−2, . . . , ŷS\{ j }

1

)
(6)
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Fig. 4. Four kinds of CU coding orders. (a) Mode 0. (b) Mode 1. (c) Mode 2. (d) Mode 3.

which is the RD cost of CTU j after the CTUs in M ⊆
{ j A, j B, j L, j R} have been coded. Since each of the four
neighbors has either already been coded or not, there are in
total 24 = 16 possible Ms. When coding one CTU with
proposed CU coding orders, at most two adjacent neighboring
CTUs from M are employed as references to perform predic-
tion. The details are given in Section III-C. Thus, the possible
number of Ms is reduced from 16 to 9 as follows:

M ∈ {∅, { j A}, { j B}, { j L}, { j R}, { j A, j B},
{ j B, j L}, { j L, j R}, { j R, j A}}. (7)

Each CTU needs to be coded independently with the nine Ms,
leading to nine RD cost values.

However, if only one CTU is coded, there are no available
reconstructed reference pixels for prediction. Similar to [11]
which employs original data rather than reconstructed ones for
prediction, we also use the original data of neighboring CTUs
as references to get the nine approximated RD cost values.

C. CU Coding Order

HEVC employs a Z-scan CU processing order when coding
one CTU, as illustrated in Fig. 1. Such a scheme only allows
left and/or above CTUs as reference samples to perform
prediction, which fails to calculate RD( j |M) when M con-
tains right and/or below neighboring CTUs. Besides this,
Z-scan order cannot handle certain edges, as shown in Fig. 3.
Therefore, we propose three additional CU processing orders,
namely, mode 1, mode 2, and mode 3 (the traditional Z-scan
order is mode 0), as illustrated in Fig. 4. Taking mode 1
as an example, the CU processing order is from below to
above and left to right. Left and below reconstructed CUs are
employed as references to perform prediction. If left or below
CUs have not been coded, the corresponding reference pixels
are padded from neighboring available reconstructed pixels.

When coding one CTU with the proposed three CU orders,
we flip the whole CTU together with corresponding reference
pixels to make the CU order of flipped CTU same as the order
in mode 0. This strategy is similar to that presented in [12].
The flipped CTU is then coded by applying the original HEVC
encoder. To approximate the RD cost with one given M, each
CTU is coded with all the proposed four modes. The minimum
RD cost is the expected RD( j |M).

In summary, the final CTU coding order is obtained by (3)
with the approximated RD cost. When one frame is coded
with the obtained CTU order, every CTU will try the four CU
modes. The mode with the minimum RD cost is the actual
mode that needs to be signaled to the decoder. The CTU
coding order also needs to be coded. We use the horizontal and
vertical coordinates (x, y) of a CTU as the index. Only the dif-
ference of the coordinates (�x,�y) between two sequentially
processed CTUs is coded.

We solve the coding order optimization problem (2) by
applying dynamic programming with updating rule (3). For
traceable computation, the RD cost function in (3) is approxi-
mated by (6). Nevertheless, calculating RD( j |M) is the most
expensive part in our algorithm: RD has to be computed
9 × 4 times. Due to the fact that every subblock coding order
is tested in calculating RD( j |M), the final resultant coding
order adaptive block coding order (ABCO) is essentially an
optimal subblock-level coding order.

IV. EXPERIMENTS

The proposed ABCO scheme is implemented in HEVC test
model HM9.2 [13]. The calculated CTU coding order and
CU coding mode for each CTU are coded as side information.
Zero-order Exp-Golomb code is applied to code (�x,�y) for
the CTU coding order, and fixed length code is applied for
CU coding modes. Test sequences in our experiments include
all the 24 sequences in common test condition [14] along
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Fig. 5. RD curves of PeopleOnStreet, BasketballDrill, and Foreman.

TABLE I

BD-RATE RESULTS VERSUS HM9.2

with two CIF sequences with smaller resolution. Some test
sequences are cropped since currently our method can only
handle CTU with square sizes. All sequences are tested under
intra-main configuration defined in [14]. The test quantization
parameters (QPs) are 22, 27, 32, and 37. The performance
is compared by applying the current Bjøntegaard-Delta (BD)-
rate measurement techniques to compare bit rates for equal
peak signal to noise ratio (PSNR) [15]. The PSNR for YUV
components is summarized as a single value by the following
equation [16]:

PSNRavg = (6 × PSNRY + PSNRU + PSNRV )/8.

A. Rate-Distortion Performance
Table I shows the numerical results of the proposed

approach. Compared with HM9.2, the proposed approach has

an average of 1.3% and up to 4.4% BD-rate reduction over the
intra-main condition. The improvement is significant when the
sequence contains rich edges such as Traffic, PeopleOnStreet,
BasketballDrill, and Foreman. To evaluate the improvement
led by optimizing CTU order and CU order separately, we
compare the proposed approach with our previous work [3],3

in which only the CU coding order is changed. The
improvement of the proposed approach over [3] is thus the
gain brought by optimizing the CTU order, which is on
average 0.6% BD-rate reduction. The overhead of additional
side information plays a small part in the total bits. Particu-
larly, it is less than 0.2% for the largest test QP, i.e., 37.

Fig. 5 plots the RD curves of PeopleOnStreet, Basket-
ballDrill, and Foreman. We see that the proposed approach
outperforms both our previous work and HEVC at different
quantization levels, particularly at medium to small QP. When
QP becomes large (i.e., the distortion also becomes large),
the RD cost approximation by original frames instead of
reconstructed frames in Section III-B tends to be inaccurate.
In general, the objective results verify that the proposed ABCO
approach compresses the edge region more efficiently than
HEVC with fixed block coding order.

B. Coding Order Analysis

Fig. 6(a) shows the obtained CTU coding order for one
subregion of BasketballDrill and Foreman. Fig. 6(b) gives the
corresponding CU coding orders for each CTU. We observe
that: 1) in most cases, the current CTU is adjacent to the
previous coded one and 2) both the CTU and CU coding orders
are approximately along the main edge direction. Specifically,
for the below-left edges on the left part of the building,
the CTUs are coded from below-left to above-right, and the
corresponding CU order (mode 1) is the below-left to above-
right Z-scan order. For the below-right edges on the right part
of the building, the above-left to below-right block coding
orders are mostly chosen.

For a visual comparison, Fig. 7 gives the predicted images
by HEVC and the proposed approach when QP = 22, 32,
and 42. We can see that the proposed approach outperforms

3The implementation here is slightly different from our previous work which
does not consider mode 2 in Fig. 4, while four modes are all used here to
better exploit the improvement brought by optimizing the CTU order.



ZHENG et al.: ABCO FOR INTRA PREDICTION IN HEVC 2157

Fig. 6. Coding order on the first frame of BasketballDrill (one subregion)
and Foreman at QP = 32. (a) CTU coding order. (b) CU coding order.

Fig. 7. Intra-predicted images of the first frame of Foreman. Top to bottom:
QP = 22, 32, and 42. (a) HEVC intra prediction. (b) Proposed intra prediction.

HEVC in predicting edges over a wide range of QP, especially
the edges inside the red circles.

C. Computational Complexity and Parallelism

Table I shows that the encoding running time ratio of the
proposed approach is on average 35.71 times the one of
HEVC, which is approximately nine times than that of [3].
The decoding time of both our methods is almost identical to

that of HEVC. The extra encoding computation mainly comes
from the RD cost approximation part. This is because each
CTU is coded under 9 × 4 CU coding orders.

One attempt of reducing the encoding complexity is to adopt
parallelism techniques, as there is no dependency among CTUs
when approximating the RD cost. It is possible to approximate
all the RD cost in parallel and combine their results. From the
analyses and the experimental results, we find that both the
optimal CTU and the optimal CU coding order are mostly
achieved along the dominant edge direction. Thus, another
suboptimal attempt is to select the CTU and the CU coding
order based on the detected dominant edge direction in the
image.

In terms of parallelism, there are three ways to enable
parallel processing in HEVC: 1) slices; 2) tiles; and
3) wavefront parallel processing (WPP) [2]. Each of them may
have benefits in particular application contexts. The proposed
approach is compatible with slices and tiles, which both
split frame into independently decodable regions with integer
number of CTUs. Each region can run the proposed approach
independently. Unfortunately, the proposed approach does not
support WPP, because WPP is based on that only above
and/or left neighboring CTUs can be employed as references
to perform prediction.

V. CONCLUSION

We present an improved intra-prediction scheme with
ABCO. In contrast to HEVC intra coding with fixed block
coding orders, the proposed scheme is capable of making
better predictions in edge regions by adaptively selecting
both block and subblock coding orders. The experimental
results demonstrate that the proposed scheme achieves an
average of 1.3% and up to 4.4% bit saving compared with
HEVC (HM9.2).

REFERENCES

[1] Advanced Video Coding for Generic Audiovisual Services,
ISO/IEC Standard 14496-10, 2005.

[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] A. Zheng, O. C. Au, Y. Yuan, H. Yang, J. Pang, and Y. Ling, “Intra
prediction with adaptive CU processing order in HEVC,” in Proc. IEEE
Int. Conf. Image Process., Oct. 2014, pp. 3724–3728.

[4] T. Shiodera, A. Tanizawa, and T. Chujoh, “Block based extra/inter-
polating prediction for intra coding,” in Proc. IEEE Int. Conf. Image
Process., Sep./Oct. 2007, pp. VI-445–VI-448.

[5] I. Matsuda, Y. Ohtake, S. Mochizuki, H. Fukai, and S. Itoh,
“Interpolative intra prediction by adapting processing order in block-
based image coding,” in Proc. IEEE Int. Conf. Image Process.,
Sep. 2013, pp. 1646–1650.

[6] S. Wenger and M. Horowitz, FMO-101, document JVT-D063, JVT,
Klagenfurt, Austria, Jul. 2002.

[7] P. Lambert, W. De Neve, Y. Dhondt, and R. Van de Walle, “Flexible
macroblock ordering in H.264/AVC,” J. Vis. Commun. Image Represent.,
vol. 17, no. 2, pp. 358–375, Apr. 2006.

[8] J. Lainema, F. Bossen, W.-J. Han, J. Min, and K. Ugur, “Intra coding of
the HEVC standard,” IEEE Trans. Circuits Syst. Video Technol., vol. 22,
no. 12, pp. 1792–1801, Dec. 2012.

[9] T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein, Introduction
to Algorithms. Cambridge, MA, USA: MIT Press, 2001.

[10] R. Bellman, “Dynamic programming treatment of the travelling
salesman problem,” J. ACM, vol. 9, no. 1, pp. 61–63, 1962.



2158 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 26, NO. 11, NOVEMBER 2016

[11] T. A. da Fonseca, Y. Liu, and R. L. de Queiroz, “Open-loop prediction
in H.264/AVC for high definition sequences,” in Proc. 25th Simpósio
Brasileiro Telecomunicações, 2007, pp. 1–4.

[12] T. Murakami, I. Karube, H. Ito, and M. Takahashi, “Adaptive picture
flipping coding for enhancing H.264/AVC,” in Proc. 26th Picture Coding
Symp., Nov. 2007, pp. 1–4.

[13] HEVC Test Model. [Online]. Available: https://hevc.hhi.fraunhofer.de/
svn/svn_HEVCSoftware/tags/

[14] F. Bossen, Common Test Conditions and Software Reference
Configurations, document JCTVC-K1100, JCT-VC, Shanghai, China,
Oct. 2012.

[15] G. Bjontegaard, Calculation of Average PSNR Differences Between
RD-Curves, document Rec. VCEG-M33, ITU-T, Apr. 2001, pp. 1–9.

[16] D. Hoang, PSNR Computation on R’G’B’ Color System,
document JCTVC-D040, JCT-VC, Turin, Italy, Jan. 2011.

Amin Zheng (S’13) received the B.S. degree
from the Department of Electronic and Information
Engineering, Huazhong University of Science and
Technology, Wuhan, China, in 2012. He is currently
pursuing the Ph.D. degree in electronic and com-
puter engineering with The Hong Kong University
of Science and Technology, Hong Kong.

His current research interests include image/video
compression, restoration, and machine learning.

Yuan Yuan (S’13) received the B.S. degree from
the Department of Electronic and Information Engi-
neering, Huazhong University of Science and Tech-
nology, Wuhan, China, in 2012. She is currently
pursuing the Ph.D. degree in electronic and com-
puter engineering with The Hong Kong University
of Science and Technology, Hong Kong.

Her current research interests include image/video
processing, machine learning, and computer vision.

Jiantao Zhou (M’11) received the B.Eng. degree
from the Department of Electronic Engineering,
Dalian University of Technology, Dalian, China,
in 2002, the M.Phil. degree from the Department of
Radio Engineering, Southeast University, Nanjing,
China, in 2005, and the Ph.D. degree from the
Department of Electronic and Computer Engineer-
ing, The Hong Kong University of Science and
Technology, Hong Kong, in 2009.

He held various research positions at the Univer-
sity of Illinois at Urbana–Champaign, Champaign,

The Hong Kong University of Science and Technology, Hong Kong, and the
McMaster University, Hamilton, ON, Canada. He is currently an Assistant
Professor with the Department of Computer and Information Science, Faculty
of Science and Technology, University of Macau, Macau, China. He holds
three granted U.S. patents and two granted Chinese patents. His current
research interests include multimedia security and forensics, and high-fidelity
image compression.

Dr. Zhou was a co-author of a paper that received the best paper award at
the IEEE Pacific-Rim Conference on Multimedia in 2007.

Yuanfang Guo (S’11–M’15) received the B.S. and
Ph.D. degrees from The Hong Kong University of
Science and Technology, Hong Kong, in 2009 and
2015, respectively.

He is currently an Assistant Professor with
the State Key Laboratory of Information Secu-
rity, Institute of Information Engineering, Chinese
Academy of Sciences, Beijing, China. His current
research interests include image/video watermark-
ing, data hiding, forensics, compression, restoration,
and enhancement.

Haitao Yang (M’14) received the B.S. and
Ph.D. degrees in electronics engineering from
Xidian University, Xi’an, China, in 2004 and 2009,
respectively.

He was involved in the project of Multi-
view Video Coding and 3D video coding from
2006 to 2009. Since 2009, he has been involved
in the project of High Efficiency Video Coding
standardization, focusing on the research of the spa-
tial transform and the coefficient scanning. He was
with The Hong Kong University of Science and

Technology, Hong Kong, from 2009 to 2010, where he was involved in
video compression as a Post-Doctoral Research Associate. In 2010, he joined
Huawei Technologies, Shenzhen, China. He is currently a Principle Engineer
with the Media Technology Laboratory, Corporate Research Department of
Huawei, where he is involved in compression and processing algorithms for
video communication.

Oscar C. Au (S’87–M’90–SM’01–F’11) received
the B.A.Sc. degree from the University of Toronto,
Toronto, ON, Canada, in 1986, and the M.A. and
Ph.D. degrees from Princeton University, Princeton,
NJ, USA, in 1988 and 1991, respectively.

He spent one year as a Post-Doctoral Fellow with
Princeton University. He joined The Hong Kong
University of Science and Technology (HKUST),
Hong Kong, as an Assistant Professor in 1992.
He is/was a Professor of Department of Electronic
and Computer Engineering, the Director of the Mul-

timedia Technology Research Center, and Director of Computer Engineering
at HKUST. His main research contributions are on video/image coding and
processing, watermarking/light weight encryption, and speech/audio process-
ing. He has authored over 60 technical journal papers, 350 conference papers,
and 70 contributions to international standards. He has over 20 granted U.S.
patents and is applying for more than 70 on his signal processing techniques.
His current research interests include fast motion estimation for H.261/3/4/5,
MPEG-1/2/4, and AVS, optimal and fast suboptimal rate control, mode
decision, transcoding, denoising, deinterlacing, post-processing, multiview
coding, view interpolation, depth estimation, 3DTV, scalable video coding,
distributed video coding, subpixel rendering, JPEG/JPEG2000, HDR imag-
ing, compressive sensing, halftone image data hiding, GPU processing, and
software-hardware co-design.

Dr. Au is a fellow of HKIE and a BoG member of APSIPA. He is a
member of six other technical committees, such as the IEEE CAS VSPC
TC, DSP TC, the IEEE SPS IVMSP TC, IFS TC, and the IEEE ComSoc
MMC TC. He received five best paper awards, such as SiPS 2007, PCM 2007,
MMSP 2012, ICIP 2013, and MMSP 2013. His fast motion estimation algo-
rithms were accepted into the ISO/IEC 14496-7 MPEG-4 international video
coding standard and the China AVS-M standard. His light-weight encryption
and error resilience algorithms are accepted into the China AVS standard.
He was the Chair of Screen Content Coding AdHoc Group in JCTVC for
HEVC. He has performed forensic investigation and stood as an expert witness
in Hong Kong courts many times. He is/was Associate Editor of eight journals,
such as the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO

TECHNOLOGY, the IEEE TRANSACTIONS ON IMAGE PROCESSING, the
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS I, the Journal of Visual
Communication and Image Representation, the Journal of Signal Processing
Systems, TSIP, the Journal of Micromechanics and Microengineering, and
the Journal of Financial Intermediation. He is/was Chair of three technical
committees, such as the IEEE CAS MSA TC, the IEEE SPS MMSP TC,
and the APSIPA IVM TC. He served on two steering committees, such
as the IEEE TRANSACTIONS ON MULTIMEDIA, and the IEEE International
Conference on Multimedia and Expo. He also served on organizing committee
of many conferences, including ISCAS 1997, ICASSP 2003, ISO/IEC 71st
MPEG in 2005, and ICIP 2010. He was/will be the General Chair of several
conferences, such as PCM 2007, ICME 2010, PV 2010, APSIPA ASC 2015,
and ICME 2017. He was the IEEE Distinguished Lecturer (DL) in 2009
and 2010, and APSIPA DL in 2013 and 2014, and has been a keynote speaker
multiple times.



<<
  /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
  /CreateJDFFile false
  /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
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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

  /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 "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


