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Abstract The HEVC is the very last video coding standard that significantly
increases the computing demands to encode video to reach the limits on com-
pression efficiency. Our interest is centered on applying parallel processing
techniques to HEVC encoder in order to significantly reduce the computational
time without disturbing the coding performance behavior. We propose a par-
allelization approach to the HEVC encoder which is well suited to multicore
architectures. Our proposal uses OpenMP programming paradigm working at
slice parallelization level. We encode several slices of each frame at the same
time using all available processing cores. The results show that speed-ups up
to 9.8 can be obtained for the All Intra mode and up to 8.7 for Low-Delay
B, Low-Delay P and Random Access modes with a negligible loss in coding
performance.
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1 Introduction

The new High Efficiency Video Coding (HEVC) standard has been recently
developed by the Joint Collaborative Team on Video Coding (JCT-VC) which
was established by the ISO/IEC Moving Picture Experts Group (MPEG) and
ITU-T Video Coding Experts Group (VCEG). This new standard will replace
the current H.264/AVC [1] standard in order to deal with nowadays and future
multimedia market trends. 4K definition video content is a nowadays fact and
8K definition video will not last to become a reality too. The HEVC standard
aims to improve coding efficiency with respect to the H.264/AVC High profile,
delivering the same video quality at half the bit rate [2].

Regarding complexity, HEVC encoder is expected to be several times more
complex than H.264/AVC encoder, so reducing its complexity will be a hot
research topic in years to come. At the time of developing this work, the current
version of the reference software, called the HEVC test model (HM), is HM
10.0 [3] which corresponds to the HEVC text specification draft 10 [4]. A good
overview of HEVC standard can be found in [5].

We can find in the literature several works about complexity analysis and
parallelization strategies for the emerging HEVC standard as in [6] [7] [8].

Most of the available HEVC parallelization proposals are focused in the
decoding side, looking for the most appropriate parallel optimizations at the
decoder that provide real-time decoding of High-Definition (HD) and Ultra-
High-Definition (UHD) video contents [7]. In [9] and [10] authors presents a
variation of Wavefront Parallel Processing (WPP) called Overlapped Wave-
front (OWF) for the HEVC decoder in where the executions over consecutive
pictures is overlapped. When a thread finish processing a Coding Tree Block
(CTB) row, it can begin with the next picture instead of waiting until the end
of the current picture. Recently, in [11] authors mixed Tiles, WPP and SIMD
instructions to develop a real-time HEVC decoder.

Currently, there are few works focused at the HEVC encoder. In [12] au-
thors propose a fine-grain parallel optimization in the motion estimation mod-
ule of the HEVC encoder allowing to perform the motion vector prediction in
all prediction units (PUs) available at the Coding Unit (CU) at the same time.
In [13] authors propose a parallelization inside the Intra prediction module that
consist on removing data dependencies among subblocks of a CU, obtaining
interesting speed-up results. Other recent works are focused at changes in the
scanning order. For example, in [14] authors propose a CU scanning order
based on a diamond search obtaining a good scheme for massive parallel pro-
cessing. Also in [15] authors propose to change the HEVC deblocking filter
processing order obtaining time savings of 37.93% over many-core processing.

In this paper we present a parallelization at slice level for the HEVC en-
coder. In this approach, the number of slices per frame varies as a function of
the number of processes used to encode the sequence. Depending on the num-
ber of processes used, each slice will contain a different number of consecutive
CUs. Furthermore, we analyze the overall behavior in terms of complexity
reduction and coding performance.
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The remainder of this paper is organized as follows: Section 3 shows the pro-
posed slice based parallelism strategy. In Section 4 we analyze the performance
of the proposed parallel algorithm. Finally, in Section 5 some conclusions are
drawn.

2 HEVC and slices

HEVC is a video codec that uses a block-based hybrid video coding scheme.
This scheme is based in motion estimation/compensation and transform cod-
ing. In the encoding process, each frame is divided into blocks called Coding
Units (CU). The maximum size of a CU in HEVC is 64x64 pixels. A CU can
be divided into smaller blocks for the encoding process. These blocks can be
encoded using one of three modes: (a) without any prediction, (b) with spatial
prediction, or (c) with temporal prediction. Spatial prediction exploits spatial
redundancy within a frame. In order to encode a block, it uses previous regions
of the same frame to calculate a block candidate and then encodes only the er-
ror of that estimation. Temporal prediction uses previously encoded frames to
estimate the block candidate, by means of a search of a similar block in other
frames (called reference frames). It exploits temporal redundancy, taking ad-
vantage of the fact that nearby frames usually contain blocks which are very
similar to the current block and so the residuum of the compensation is close
to zero. For the three encoding modes a Discrete Cosine Transform (DCT) is
applied to the resulting values so they are converted into the frequency do-
main. Then these coefficients are quantized and the result is compressed by
an entropy encoder.

A block is referred to as “intra” when no information of other frames is
used to encode it (modes (a) and (b)). A block is refered to as “inter” when
temporal prediction is used (mode (c)).

Slices are partitions of an encoded frame which can be independently de-
coded (regarding the other slices of the same frame). As a slice can be decoded
without any information from other slices, neither intra prediction nor inter
prediction can cross slice boundaries using CUs from other slices of the same
frame. So, every single slice can be encoded/decoded in an isolated way. Slices
consist of an integer number of CUs. An I-slice is composed of intra CUs. P-
slices and B-slices can contain both intra and inter CUs. Here ‘P’ stands for
unidirectional prediction and ‘B’ stands for bidirectional prediction. CUs in a
P-slice can only use one reference frame. CUs in a B-slice can use up to two
reference frames, i.e. the estimation and compensation mechanism can use the
combination of up to two blocks in different reference frames. One frame can
be composed of only one slice or several slices.

In the configuration files provided within reference software package [3],
four coding setups can be found: All Intra, Random Access, Low-Delay B, and
Low-Delay P.

In All Intra (AI) setup every frame is coded as an I-frame (all its slices are
L-slices), i.e. it is coded without any motion estimation/compensation. So each
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frame is independent from the other frames in the sequence. This mode gets
lower compression rates (compared to the other 3 setups) because P-frames
and B-frames can usually obtain better compression rates than I-frames at
the same quality level. On the other hand, the encoding process for Al mode
is faster than for the other 3 setups because no time is wasted in motion
estimation. Every frame is coded in rendering order. Applications that require
a fast encoding process and are not concerned about limited bandwidth or
storage capacity, fit perfectly in this coding setup.

Random Access (RA) setup combines I-frames and B-frames in GOPs
(Group Of Pictures) of 8 frames. B-frames usually achieve good compression
rates. Each block of a B-frame can use up to 2 reference frames, so in the
encoding process 2 lists of reference pictures are maintained. Reference frames
are located earlier and later than the frame we are currently coding. In this
setup, coding (and decoding) order is not the same as rendering order. To al-
low navigating along the coded sequence (pointing to a certain moment) or to
allow functions like fast forward, an I-frame is inserted periodically. Depend-
ing on the frame rate of each sequence the intra refresh period varies. The
intra period is a multiple of 8 (the size of the GOP) which inserts an I-frame
approximately every second. Applications that do not have time constraints
(when coding a video sequence) and need features like the aforementioned fast
forward, are the target applications of this coding mode.

Low-Delay setups (LP and LB) encode each frame in rendering order. First
an I-frame is inserted in the coded bit stream and then only P-frames (or B-
frames) are used for the rest of the video sequence. As stated before, a B-frame
uses a pair of frames to perform motion estimation and compensation. In LB
mode this pair of frames is always selected from previous frames (in rendering
order). On the contrary, RA mode uses past and future frames as reference
for B-frames and this introduces a delay because you have to wait for future
pictures to be available in order to encode/decode the present frame. In LP
and LB setups GOP size is 4. This two modes achieve better compression
performance than AI mode and do not suffer from the delay introduced by
RA mode. Applications like video-conference which have bandwidth and time
constraints can benefit from low delay modes.

3 Parallel algorithms

In our parallel proposal of HEVC encoder we have divided each video frame in
as many slices as the available number of parallel processes in such a way that
if we are using 12 parallel processes we will divide each frame into 12 slices and
each slice will be encoded by a different process. In RA, LP and LB setups, a
frame used as a reference picture has to be available as a whole for every fu-
ture slice that uses it for motion estimation/compensation. A synchronization
mechanism is imposed by this restriction. Every process encodes a different
slice in a parallel way but all those processes need to be synchronized before
encoding the next frame. In AT mode this is not strictly necessary as there are
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(b) Speed-ups.

Fig. 1 Computational times and speed-ups for the parallel algorithm encoded in AI, LB,
LP and RA modes processing 120 frames with different number of processes at QP=32.

no reference pictures but we have followed the same synchronizing scheme for
AT setup. In RA, LP and LB setups all decoded slices of the reference frames
need to be available to encode the following frame, so to avoid unnecessary
sendings of slices or decoded pieces of a frame between processes, we have used
a shared memory approximation to store the Decoded Picture Buffer.

In our tests we have used three video sequences named “Four People (FP)”
(which has a resolution of 1280x720 pixels), “Race Horses (RH)” (with a resolu-
tion of 832x480 pixels) and “BQ Terrace (BQ)” (with a resolution of 1920x1280
pixels). We have performed different tests by dividing frames into 1, 2, 4, 6, 8,
10 and 12 slices and by using the corresponding number of parallel processes.
Note that in our experiments we obtain slices which have a similar number of
CUs each, but this is absolutely not a restriction. We have chosen a uniform
partition of the frame in order to homogenize the time that each process spends
in encoding its slice so as to reduce the dead time of the processes (caused by
the synchronization mechanism). Nevertheless we have observed that the time
that each process needs to encode its slice can diverge even if slices have all
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(b) BQ video sequence.

Fig. 2 Computational times for RH and BQ video sequences processing 120 frames with
different number of processes at QP=32.

the same size. The reason is that algorithms like motion estimation or entropy
encoding can differ in processing time for different regions of a frame.

4 Numerical experiments

The proposed algorithms have been tested on a shared memory platform eval-
uating parallel performance, PSNR and bit rate. The multicore platform used
consists of two Intel XEON X5660 hexacores at up to 2.8 GHz and 12MB
cache per processor, and 48 GB of RAM, with no hyperthreading enabled.
The operating system used is CentOS Linux 5.6 for x86 64 bit. The parallel
environment has been managed using OpenMP [16]. The compiler used was
g++ compiler v.4.1.2.

As we have said the testing video sequences used in our experiments are
RH, FP and BQ, and we present results using LB, LP, RA and AI modes,
encoding 120 frames at different Quantization Parameters (QPs) (22,27,32,37).

In Fig. 1 we present both the computational times and the speed-ups for
the parallel algorithm using AI, LB, LB and RA modes for the FP video
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Fig. 3 Efficiencies for the FP video sequence with different number of processes and QPs
processing 120 frames.

sequence, processing 120 frames. As it can be seen the proposed parallel algo-
rithm obtains speed-ups up to 9.3 for 12 cores in AT mode and efficiencies of 0.8
on average. We can observe that Al mode obtains better efficiencies than LB,
LP and RA modes because motion estimation/compensation process applied
in LB, LP and RA modes produces different residual data on each slice and
therefore the time required by the entropy encoder to process that residual
data in each slice may diverge from one slice to another. Fig. 2 shows compu-
tational times for RH and BQ video sequences encoded setting QP equal to
32, as expected, this figure confirms the computational behavior is similar for
the three different video sequences tested, we can extend this behavior for the
other values of QP.

In Fig. 3 we present a comparison of efficiencies as a function of the number
of processes as well as the compression ratio. As it can be seen, good efficiencies
are obtained for all modes. As previously mentioned, there is a efficiency loss as
the number of cores increases because of the different time required to encode
each slice, note that, the parallel algorithm offers good scalability, i.e. the
efficiency loss is low. However, that efficiency loss is lower at high compression
ratios, where residual data tends to be more similar in each slice after a higher
quantization and so, a similar time is required by each slice to encode that
residual data. Therefore, the time spent by some threads waiting for the slowest
one is reduced. On average, efficiencies of 0.75, 0.78, 0.79 and 0.83 are obtained
for LB, LP, RA and AI mode respectively. Fig. 4 shows efficiencies when RH
and BQ video sequences are encoded setting QP equal to 32, obtaining similar
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Fig. 4 Efficiencies for the RH and BQ video sequences at QP=32, processing 120 frames.

results for the RH video sequence. Also, it can be noticed that the results
improve for a high resolution video sequence (BQ).

In Fig. 5 we show the bit-rate overhead as a function of the number of
processes and the quantization parameter (QP). As it can be seen, all modes
increase the resulting bit-rate as the number of slices and the compression
ratio increase. In Al mode that overhead appears due to the higher number of
headers used and the reduced number of CUs available for the intra prediction
process at each slice. As shown in Fig. 5(a), the maximum bit-rate increment
for AT mode is 7.28% with 12 slices per frame and a QP value of 37, being
on average lower that 3%. In the rest of modes there is a similar behavior,
increasing the bit-rate as the number of slices and compression ratio do. The
bit-rate overhead in LB, LP and RA modes is also due to the higher number
of headers and because motion vectors cannot be predicted outside the slice
boundaries. On the other hand CABAC context models are not updated after
the computation of each slice, being updated just after the frame computation.
As shown in Fig. 5, in LB, LP and RA modes that overhead has a greater
impact in the final bitstream, being the maximum bit-rate increment equal to
23.81%, 23.40% and 18.15% for LB, LP and RA modes respectively. Fig. 6
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Fig. 5 Evolution of bit-rate increment (%) for FP video sequence with different number of
processes as a function of the QP parameter encoding 120 frames.

presents results for RH and BQ video sequences encoded in RA mode, these
results show that the bit-rate overhead is even lower in RH and BQ video
sequences.

Regarding video quality, in Fig. 7 we present R/D information for all
modes. These figures represent the bit-rate (vertical bars) and PSNR (hor-
izontal lines) produced by the parallel algorithm using different number of
cores (up to 12) and compressed at different QPs. As it can be seen, in all
cases there are slightly differences both in PSNR and bit-rate between the
sequential with one slice per frame algorithm and the parallel version with
two or more slices per frame, being the maximum difference less than 0.09
dB at high compression ratios (QP=37) and an increment of bit-rate lower
than 23.8% at high compression ratios using 12 processes when encoding 120
frames. As previously said, as the number of slices increases, a greater number
of headers are included in the final bitstream and this has a greater impact
at high compression ratios. Fig. 8 shows R/D results for RH and BQ video
sequences using LP mode, note that the R/D behavior remains unchanged.

5 Conclusions

In this paper we have proposed a parallel algorithm for HEVC video encoder.
This algorithm is based on a slice parallelization approach, dividing a frame
into different number of slices depending on the number of processes used.
After implementing the algorithms in HEVC software, some experiments were



10 P. Pinol et al.

z 10
& 120
:
T
Z wo
T 80
5]
£ 60
]
4.0
B
£ 20
[:1]
® 0.0 _J_
2P ap &P 8P 107 12p
moP=22| 037 1.20 1.88 2.42 2.73 2.83
maP-27| 062 2.07 3.44 4.41 4.95 5.30
mar=32| 099 3.07 5.28 6.80 7.62 8.24
mOP=37| 151 4.68 7.69 10.47 11.62 12.66
(a) RH video sequence.
— 80
=
o
g 60
@
5 4.0
£
a
® 20
g
= '
=]
= 00 | el
2P ap P 8P 10p 12p
mapP-22| 012 0.32 0.49 0.61 0.85 0.95
maP=27| 035 0.66 121 1.65 2.06 243
maQP=32| 058 145 2.20 2.96 3.77 450
mapP-37| 074 2.07 3.45 4.97 6.18 7.71

(b) BQ video sequence.

Fig. 6 Evolution of bit-rate increment (%) for RH and BQ video sequences encoded in RA
mode with different number of processes as a function of the QP parameter encoding 120
frames.

performed for both All Intra and Low-Delay B modes. The results show that
speed-ups up to 9.8x can be obtained for the All Intra mode and up to 8.8x for
Low-Delay B mode at QP=37 when encoding 120 frames. Regarding coding
performance, there is an increase in the bit-rate in both coding modes, being
on average lower than 6% for the Low-Delay B mode and lower on average
than 3% for the All Intra mode. Also note that the quality loss is negligible
in all experiments reported. In general, the proposed version attains good
parallel efficiency results, showing that parallelization approaches should be
taken into account to reduce the HEVC video encoding complexity. As future
work, we will explore hierarchical parallelization approaches combining GOP-
based approaches with slice and wavefront parallelization levels.
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