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ABSTRACT Flexible mode selection in one CTU, as one of the new technologies in H.265/HEVC video
coding, can attain a high compression ratio. However, it may decrease the end-to-end PSNR for video
communication over lossy networks. In this paper, we analyze the flexible prediction mode for the CTU in
H.265/HEVC and find it causesmore error propagation than fixed predictionmode in sub-pixel interpolation.
Then, fixed mode-based error resilient encoding (FERE) is proposed to decrease the influence of error
propagation. Experimental results show that the proposed FERE algorithm improves video quality by up
to 5.56 dB compared with the baseline algorithms.

INDEX TERMS Error resilience, H.265/HEVC, video coding, rate-distortion optimization.

I. INTRODUCTION
The emerging video coding standard H.265/HEVC can attain
high compression ratios for high definition (HD) video and
the beyond-HD format. It introduces new hybrid video cod-
ing structures, such as the coding tree unit (CTU), coding
unit (CU) and prediction unit (PU) [1]. Unlike the previous
standard H.264, in which one macroblock (MB) had to be
encoded by a particular prediction mode (inter or intra),
H.265/HEVC can flexibly select the best prediction mode
separately for each CU within one CTU. This kind of flexible
mode can achieve high Rate-Distortion Optimization (RDO)
performance. However, transmission errors may incur distor-
tion when videos are transmitted over lossy networks. It is
important to study H.265/HEVC video coding over lossy
networks.

Methods of H.265/HEVC video coding have been widely
researched. They mainly focus on complexity issues, such
as fast intra and inter prediction ([2]–[5]) and fast CTU
partitions ([6]–[8]). However, packet loss during transmission
is not mentioned in these works.

Error resilient H.265/HEVC video coding has also been
studied in recent years. In [9], the source and channel cod-
ing parameters are jointly optimized for video communica-
tion. The method of joint coding parameter selection and
bit allocation was proposed in [10]. Carreira et al. [11] pro-
posed an error resilient coding algorithm by transmitting pre-
dicted motion vectors as redundancy. In [12], the end-to-end

distortion of variable size blocks is estimated in the DCT
domain and then error resilient coding is proposed. In [13],
two new modes, the unconstrained intra prediction mode
and the soft-reset joint inter-intra prediction mode, are
proposed for RDO coding mode selection, together with
traditional inter and intra prediction modes. Thus, the algo-
rithm with flexible control can trade-off error-resilience
and compression. These algorithms aim to achieve bet-
ter error resilience by considering the new technology of
H.265/HEVC. However, the effect of flexible mode selection
for the CUs within one CTU has not been studied for lossy
networks.

When a video is transmitted in a lossy network, transmis-
sion distortion will propagate along the temporal and spatial
prediction paths. As will be discussed later, the introduction
of sub-pixels aggravates error propagation. In this paper,
we focus on the problem of H.265/HEVC video coding over
lossy networks. First, we analyze the error propagation in
the reference sub-pixel interpolation when decoding a video
with packet loss. It is illustrated that this error propagation
will be reduced if we use the fixed prediction rather than
the flexible prediction mode in H.265/HEVC to encode the
CTU. Then, based on the well-known end-to-end distortion
estimation method ROPE [14], we propose the fixed error
resilient encoding (FERE) algorithm to decrease the influ-
ence of error propagation. Finally we give simulation results
which compare the performance of FEREwith two baselines,
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the ROPE-based RDO with flexible mode and random intra
refreshing.

II. FIXED VS. FLEXIBLE CODING MODE FOR ONE CTU
Flexible mode selection in one CTU in H.265/HEVC
video coding can attain a high compression ratio. How-
ever, when the video suffers from packet losses during
transmission, errors will propagate more seriously when
decoding.

FIGURE 1. Error propagation from integer pixels to sub-pixels in the
reference frame.

In H.265/HEVC encoders, 1/4-pixel-based motion estima-
tion is used. In the reference frame, sub-pixels are interpo-
lated from integer pixels, and the motion vectors are obtained
at the 1/4 pixel level. Correspondingly, when an inter CU
is decoded in the H.265/HEVC decoder, the reference CU
should be matched by motion vectors at the 1/4 pixel level.
Therefore, the reference frame needs to get the sub-pixels
interpolated from integer pixels to create the reference CU.
As shown in Fig. 1, the solid circles and squares denote inter
and intra predicted integer pixels respectively, and sub-pixels
are represented by triangles. In H.265/HEVC, given the
weight by 8-tap filters, the 8 integer pixels in a line are used
to interpolate the sub-pixels located in the middle. In Fig. 1,
sub-pixels a∼c are interpolated from integer pixels A∼H, and
d∼f are interpolated from integer pixels E and J∼P. A sub-
pixel not in line with integer pixels, such as g in Fig. 1,
needs to be interpolated from the 8 sub-pixels in the same
line with it. Based on whether they are interpolated from
inter integer pixels, the sub-pixels within an intra CU can

be divided into two parts. The area where intra sub-pixels
are influenced by inter pixels exists at the boundary between
an inter and an intra CU with the width of 4 integer
pixels.

Although inter mode generally achieves higher compres-
sion efficiency, it is more sensitive to channel errors as it
promotes error propagation [14]. An error will spread into
sub-pixels when they are interpolated using inter integer
pixels. Besides the sub-pixels in an inter CU, the sub-pixels
within an intra CU near the boundaries between an inter
CU and an intra CU will also suffer from this error spread,
as shown in Fig. 1. More boundaries between intra and inter
CUs means more error will spread from inter integer pixels
to intra sub-pixels.

FIGURE 2. Illustration of (a) fixed mode, (b) flexible mode 1, (c) flexible
mode 2.

When fixed and flexible prediction modes have the same
proportion of intra pixels, there will be more boundaries in
flexible mode than in fixedmode. In Fig. 2, we illustrate fixed
mode in (a) and two different flexible modes in (b) and (c).
The boundaries between inter and intra CUs can be regarded
as the perimeters of the intra area here. An intra CTU of
fixed mode is shown in Fig. 2(a). When a square is cut
and separated into two parts as in Fig. 2(b), the perimeter
will increase by twice the length of the nick while the area
remains unchanged. Any set of CUs with the same area
as the intra CTU in Fig. 1(a) can be regarded as cut and
separated from the squared CTU. The perimeter of the set
of CUs will be longer than the square CTU. Therefore, with
the same intra proportion, the boundaries between intra and
inter CUs for the fixed mode will be fewer than the flexible
mode.

71280 VOLUME 6, 2018



T. Wang et al.: H.265/HEVC Video Coding Over Lossy Networks: Flexible or Fixed Mode in One CTU?

FIGURE 3. System architecture.

III. PROPOSED FIXED ERROR RESILIENT
ENCODING (FERE) ALGORITHM
In our system architecture, shown in Fig. 3, video frames are
encoded in the unit of a CTU with size 64 × 64. Given the
packet loss rate (PLR) of the network, FERE estimates the
end-to-end distortion by ROPE and determines the optimal
CU partition mode and intra/inter prediction mode. We use
either intra or inter prediction for each whole CTU in FERE.
After transmission through the lossy network, some packets
will be lost and the decoder conceals the error by copying the
co-located pixels in the reference frame.

In our error resilient encoder, we use RDO to determine
the optimal CU partition and intra/inter prediction mode for
each CTU. The Lagrange minimization JCTU is employed.
We use C1 and C2 to denote the whole CU partition mode set
of intra and inter prediction modes respectively, and c∗1 and c

∗

2
are the best CU partition modes for intra and inter encoding,
respectively. The best prediction mode is represented by m∗.
Thus, the best mode of a CTU is determined by

(
c∗,m∗

)
=

{(
c∗1, intra

)
, JCTU

(
c∗1
)
≤ JCTU

(
c∗2
)(

c∗2, inter
)
, JCTU

(
c∗1
)
> JCTU

(
c∗2
) (1)

When the CTU is encoded by intra prediction, the best CU
partition mode for intra encoding c∗1 can be obtained by

c∗1 = argmin
c1∈C1

{JCTU (c1)}

= argmin
c1∈C1

{DCTU (c1)+ λRCTU (c1)} (2)

When the CTU is encoded by inter prediction, the best CU
partition mode for inter encoding c∗2 can be obtained by

c∗2 = argmin
c2∈C2

{JCTU (c2)}

= argmin
c2∈C2

{DCTU (c2)+ λRCTU (c2)} (3)

In Eq. (2) and Eq. (3), DCTU is estimated using the ROPE
method. Since ROPE estimates the distortion for each pixel,

DCTU =
∑
CTU

d in (4)

where d in is the expected end-to-end distortion of pixel i in
frame n in the decoder, which is calculated by

d in = E
{(
f in − f̃

i
n

)2}
=

(
f in
)2
− 2f inE

{
f̃ in
}
+ E

{(
f̃ in
)2}

(5)

where f in is the original pixel value, and f̂ in and f̃ in are the
reconstructed values in the encoder side and the decoder
side respectively. Let r̂ in be the reconstructed residue in the
encoder. For an Intra-predicted pixel, the calculation of the
first and second moments of the random variable f̃ in are
given by

E
{
f̃ in
}
(I ) = (1− p)

(
f̂ in
)
+ pE

{
f̃ in−1

}
(6)

E
{(
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)2}

(I ) = (1− p)
(
f̂ in
)2
+ pE

{(
f̃ in−1

)2}
(7)

For pixel i in frame n, the reference is pixel j in frame n− 1.
For an Inter-predicted pixel, the distortion calculation will be

E
{
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}
(P)

= (1− p)
(
êin + E
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})
+ pE

{
f̃ in−1

}
(8)

E
{(
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)2}

(P)

= (1− p)E
{(
êin + f̃

j
n−1

)2}
+ pE

{(
f̃ in
)2}

= (1− p)
((
êin
)2
+ 2êinE

{
f̃ jn−1

}
+ E

{(
f̃ jn−1

)2})
+ pE

{(
f̃ in−1

)2}
(9)

Eqns. (5) to (9) are from [14]. In Eq. (6) to (9), p represents
the packet loss rate during transmission. Basic ROPE can be
inaccurate since in motion estimation of inter pixels, the cur-
rent pixels need to refer to the sub-pixels in the reference
frame, which is acquired by the interpolation of integer pixels.
However, in Eq. (8) and Eq. (9), E{f̃ in} and E{(f̃

i
n)

2
} are the

expected first and second moments of integer pixels, which
have a difference from the values of sub-pixels. To avoid
this inaccuracy, we use the method in [15] to interpolate the
first and second expected moments of sub-pixels by those
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values of integer pixels. The interpolation filter here is an
8-tap filter which is the same as the sub-pixel interpolation
filter in H.265/HEVC.

In a traditional H.265/HEVC encoder, the Lagrange multi-
plier is taken to be

λt = −
∂Ds
∂R

(10)

where Ds represents the encoding distortion.
In Eq. (2-3) and Eq. (3), because the distortion con-

tains both encoding distortion and packet loss distortion,
the Lagrange multiplier here is not the same as in the tra-
ditional HEVC encoder. Based on the derivation in [16],
the predicted distortion in Eq. (2) and Eq. (3) can be
divided as

DCTU = (1− p)Ds + (1− p)Dep + pDec (11)

where Dep and Dec denote error-propagated distortion and
error-concealment distortion, which are not correlated withR.
Therefore, as done in [16], the Lagrange multiplier is
adjusted as

λ = −
∂DCTU
∂R

= (1− p) λt (12)

In this way, we obtain the best mode for error resilient coding
based on FERE.

IV. SIMULATION RESULTS
In our experiments, FERE, flexible ROPE-based RDO
(FR-RDO) and random intra refresh are implemented as
three different error resilient encoding methods. In flexible
ROPE-based RDO, the CUs within a CTU can flexibly select
the best prediction mode in intra/inter like the mode selection
inHEVC. In random intra refresh, we randomly set 10%, 20%
and 30% of CTUs to be encoded by intra mode. Note that
for random intra refresh, the prediction mode here is actually
fixed mode. We use one NTSC video sequence (Football),
one 480p video sequence (Basketball drill) and four different
720p video sequences (Old town cross, In to tree, Stockholm,
Ducks take off) in our simulation. Each slice contains one
CTU in our encoder and each CTU is packed in a separate
packet. For each video sequence, the packet loss rates are set
to be 3%, 5% and 10%, and a random packet loss generator
is used to drop packets under the loss rate. For each packet
loss rate, we simulate 30 different realizations of the lossy
channel. Average PSNR is computed from the average value
of the MSEs in the decoder for these channel realizations.

In Fig. 4, for Old town cross with the bitrate of 5 Mbps,
we find that FERE produces a better end-to-end video qual-
ity than the baselines for all the different packet loss rates
tested. At 3% and 5% packet loss rate, FR-RDO gets worse
performance than 20% and 30% random intra refresh. The
reason is that when packet loss rate is low, the advantages of
FERE and FR-RDOwhich choose the best mode by RDO are
not obvious. Due to the flexible mode in FR-RDO, the video
quality will be influenced by more error propagation, thus

FIGURE 4. Simulation results for Old town cross at different packet loss
rates. (a) PLR = 3%, (b) PLR = 5%, (c) PLR = 10%.

in Fig. 4(a) and (b), random intra refresh performs better than
FR-RDO.

Table 1 shows that for all video sequences in our experi-
ment, FERE outperforms FR-RDO and random intra refresh
by 0.4-5.56dB. For Football and Basketball drill at 2 Mbps,
FERE improves the PSNRs by 0.48-1.63dB compared with
FR-RDO, while for Old town cross, In to tree and Stockholm
at 5 Mbps, the improvement is 0.73-1.99dB. For Ducks take
off, which has complex content, we encode it at 8 Mbps
to achieve an acceptable end-to-end video quality (average
PSNR is higher than 30dB). FERE still yields a PSNR
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TABLE 1. Comparison of average PSNRs at different packet loss rates.

TABLE 2. Percentage of Intra CUs at different packet loss rates.

improvement of 0.60 to 0.79dB, although FR-RDO uses a
high proportion of intra CUs.

We also present the percentage of intra CUs for FERE and
FR-RDO at different packet loss rates in Table 2. The intra
mode proportion depends on the packet loss rate and on the
video content. Video sequences with complex contents such
as Stockholm andDucks take off tend to be encoded with more

intra CUs. Moreover, the intra percentage in our proposed
FERE is higher than the percentage in FR-RDO inmost cases.
However, at the packet loss rates 3% and 5% of Ducks take
off, although the intra proportions in FERE are 0.82% and
0.53% lower than in FR-RDO, FERE still performs better
by 0.79dB and 0.77dB due to less error propagation than
FR-RDO.
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V. COMPLEXITY ANALYSIS
In this section, we compare the number of possible encoding
modes in fixed and flexible mode. In flexible mode, for a
16 × 16 CU, there exist 2 possible modes (intra and inter)
if it is not split and 24 modes if it is split into four 8 × 8
sub-CUs. Thus the number of possible encoding modes for
a 16 × 16 CU is 2 + 24 = 18. In a similar way, there are
2+ 184 = 104978 different modes for a 32× 32 CU. So the
total number of possible modes for the CTU in flexible mode
is 2+ 1049784 = 1.2145× 1020.

In fixed mode, for either intra or inter prediction, the num-
bers of CU partition patterns are equal. Based on whether it is
split into four 8× 8 sub-CUs, the 16× 16 CU has 2 possible
partition modes. Furthermore, there exists 1 + 24 = 17 and
1 + 174 = 83522 different partition modes for 32 × 32 and
64× 64 CUs respectively. Therefore, the CTU in fixed mode
has 83522× 2 = 167044 possible encoding modes, which is
far less than the number of modes in flexible mode.

VI. CONCLUSION
In this paper, an error resilient video encoding method FERE
is proposed to improve the end-to-end video quality. The
encoder selects the best fixed mode for each CTU, which
can substantially reduce the influence of error propagation
from integer pixels to sub-pixels when decoding. Experi-
mental results show that the proposed method considerably
improves the end-to-end quality of video with packet loss by
0.4-5.56dB when compared with FR-RDO and random intra
refresh.

REFERENCES
[1] 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.

[2] M. Xu, T. Li, Z. Wang, X. Deng, R. Yang, and Z. Guan, ‘‘Reducing com-
plexity of HEVC: A deep learning approach,’’ IEEE Trans. Image Process.,
vol. 27, no. 10, pp. 5044–5059, Sep. 2018, doi: 10.1109/TIP.2018.2847035.

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

[4] J. Gu, M. Tang, J. Wen, and Y. Han, ‘‘Adaptive intra candidate selection
with early depth decision for fast intra prediction in HEVC,’’ IEEE Signal
Process. Lett., vol. 25, no. 2, pp. 159–163, Feb. 2018.

[5] C.-H. Yeh, Z.-T. Zhang, M.-J. Chen, and C.-Y. Lin, ‘‘HEVC intra frame
coding based on convolutional neural network,’’ IEEE Access, vol. 6,
pp. 50087–50095, Sep. 2018.

[6] M. Tang, X. Chen, J. Gu, Y. Han, J. Wen, and S. Yang, ‘‘Accelerating
HEVC encoding using early-split,’’ IEEE Signal Process. Lett., vol. 25,
no. 2, pp. 209–213, Feb. 2018.

[7] J. Zhang, S. Kwong, T. Zhao, and Z. Pan, ‘‘CTU-level complexity control
for high efficiency video coding,’’ IEEE Trans. Multimedia, vol. 20, no. 1,
pp. 29–44, Jan. 2018.

[8] Z. Feng, P. Liu, K. Jia, and K. Duan, ‘‘Fast intra CTU depth decision for
HEVC,’’ IEEE Access, vol. 6, pp. 45262–45269, Sep. 2018.

[9] Q. Song, A. Vosoughi, P. C. Cosman, and L. B. Milstein, ‘‘Joint error-
resilient video source coding and FEC code rate optimization for anAWGN
channel,’’ in Proc. ICIP, Phoenix, AZ, USA, Sep. 2016, pp. 2107–2111.

[10] G. Kulupana, D. S. Talagala, A. Fernando, and H. K. Arachchi, ‘‘Bit allo-
cation and encoding parameter selection for rate-controlled error resilient
HEVC video encoding,’’ in Proc. ICCE, Las Vegas, NV, USA, Jan. 2018,
pp. 1–4.

[11] J. Carreira, E. Ekmekcioglu, A. Kondoz, P. Assuncao, S. Faria, and
V. De Silva, ‘‘Selective motion vector redundancies for improved
error resilience in HEVC,’’ in Proc. ICIP, Paris, France, Oct. 2014,
pp. 2457–2461.

[12] B. Li, T. Nanjundaswamy, and K. Rose, ‘‘Block-size adaptive transform
domain estimation of end-to-end distortion for error-resilient video cod-
ing,’’ in Proc. ICIP, Phoenix, AZ, USA, Sep. 2016, pp. 2092–2096.

[13] B. Li, T. Nanjundaswamy, and K. Rose, ‘‘An error-resilient video coding
frameworkwith soft reset and end-to-end distortion optimization,’’ inProc.
ICIP, Beijing, China, Sep. 2017, pp. 1910–1914.

[14] R. Zhang, S. L. Regunathan, and K. Rose, ‘‘Video coding with optimal
inter/intra-mode switching for packet loss resilience,’’ IEEE J. Sel. Areas
Commun., vol. 18, no. 6, pp. 966–976, Jun. 2000.

[15] H. Yang and K. Rose, ‘‘Advances in recursive per-pixel end-to-end dis-
tortion estimation for robust video coding in H.264/AVC,’’ IEEE Trans.
Circuits Syst. Video Technol., vol. 17, no. 7, pp. 845–855, Jul. 2007.

[16] Y. Zhang, W. Gao, Y. Lu, Q. Huang, and D. Zhao, ‘‘Joint source-channel
rate-distortion optimization for H.264 video coding over error-prone net-
works,’’ IEEE Trans. Multimedia, vol. 9, no. 3, pp. 445–454, Apr. 2007.

TAIYU WANG received the B.S. degree in infor-
mation engineering from Xi’an Jiaotong Univer-
sity, Xi’an, China, in 2015, where he is currently
pursuing the Ph.D. degree with the School of Elec-
tronic and Information Engineering. He is also
a Visiting Scholar with the Department of Elec-
trical and Computer Engineering, University of
California at San Diego. His research interests
include video compression and communication.

FAN LI (S’07–M’10) received the B.S. and Ph.D.
degrees in information engineering from Xi’an
Jiaotong University, Xi’an, China, in 2003 and
2010, respectively. From 2017 to 2018, he was a
Visiting Scholar with the Department of Electrical
and Computer Engineering, University of Califor-
nia at San Diego. He is currently a Professor with
the School of Electronic and Information Engi-
neering, Xi’an Jiaotong University. He has pub-
lished more than 30 technical papers. His research

interests include multimedia communication and video quality assessment.
He was a member of the Organizing Committee for IETVIE 2008 and served
as the Local Chair for ICST Wicon 2011.

PAMELA C. COSMAN (S’88–M’93–SM’00–
F’08) received the B.S. degree (Hons.) in electrical
engineering from the California Institute of Tech-
nology in 1987, and the Ph.D. degree in electri-
cal engineering from Stanford University in 1993.
Following a post-doctoral position at the Univer-
sity of Minnesota, in 1995, she joined the Depart-
ment of Electrical and Computer Engineering,
University of California at San Diego, where she
is currently a Professor. Her past administrative

positions include the Director of the Center for Wireless Communications
from 2006 to 2008, the ECE Department Vice Chair from 2011 to 2014, and
the Associate Dean for Students from 2013 to 2016. Her research interests
include image and video compression and processing, and wireless com-
munications. His awards include the ECE Departmental Graduate Teaching
Award, the NSFCareer Award, the Powell Faculty Fellowship, the Globecom
2008 Best Paper Award, the HISB 2012 Best Poster Award, the 2016 UC
San Diego Affirmative Action and Diversity Award, and the 2017 Athena
Pinnacle Award. She served as the Technical Program Co-Chair of ICME
2018. She was an Associate Editor of the IEEE COMMUNICATIONS LETTERS and
the IEEE SIGNAL PROCESSING LETTERS. She served as the Editor-in-Chief from
2006 to 2009 and a Senior Editor of the IEEE JOURNAL ON SELECTED AREAS IN

COMMUNICATIONS.

71284 VOLUME 6, 2018

http://dx.doi.org/10.1109/TIP.2018.2847035

	INTRODUCTION
	FIXED VS. FLEXIBLE CODING MODE FOR ONE CTU
	PROPOSED FIXED ERROR RESILIENT ENCODING (FERE) ALGORITHM
	SIMULATION RESULTS
	COMPLEXITY ANALYSIS
	CONCLUSION
	REFERENCES
	Biographies
	TAIYU WANG
	FAN LI
	PAMELA C. COSMAN




