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ABSTRACT

Heterogeneous platforms integrating several CPU cores and
GPU accelerators have established in several application
domains, from desktop, server and mobile. To take full ad-
vantage of such platforms, video encoders/decoders have to
exploit a broader design space, by cooperatively executing
in all the available CPU and GPU cores. To attain such ob-
jective, three novel contributions that aim the exploitation of
the maximum parallelism level in an HEVC deblocking filter
are presented: i) a highly optimized CPU parallel implemen-
tation, which outperforms the current state of the art; ii) the
first known GPU implementation of the HEVC deblocking
filter; and iii) an hybrid and load-balanced CPU+GPU im-
plementation, where all the available resources cooperatively
execute, in order to maximize the attained performance. The
obtained experimental results demonstrated the ability to
achieve processing times as low as 0.8 ms and 0.5 ms to filter
1080p I-type and B-type frames, respectively, corresponding
to speedup factors as high as 17 and 9.

Index Terms— Video coding, HEVC, deblocking filter,
Graphics Processing Unit, parallel processing

1. INTRODUCTION

The recent proposed High Efficient Video Coding (HEVC)
standard [1] is nowadays the state of the art on video com-
pression [2]. When compared with previous standards, it has
been demonstrated that HEVC encoders can achieve equiv-
alent subjective visual quality as H.264/MPEG-4 AVC en-
coders, when using approximately 50% less bit rate [3]. How-
ever, such coding efficiency performance comes at cost of in-
creasing the computational complexity of the video encoder
and decoder [4]. According to the conducted decoder profil-
ing [4], it has been shown that the HEVC deblocking filter is
responsible for 14% of the time consumption in the random
access configuration, for Full HD video sequences.
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On the other hand, the deblocking filter is responsible
for an average bit rate reduction of 1.3%-3.3%, although,
more than 6% bit rate reduction can be achieved in certain
sequences [S]. When compared to the H.264/MPEG-4 AVC
deblocking filter, the complexity of this module has been sig-
nificantly reduced in HEVC. The main factors are: it is per-
formed in a grid of 8x8 samples, which are kept limited in
the prediction and transform unit boundaries; there is no data
dependencies between adjacent edges with same direction;
the chroma blocks are only filtered when one of the adjacent
blocks is intra predicted; all the vertical edges of the frame
are performed independently and before the horizontal edges.

In this paper, a parallel algorithm is proposed for the
HEVC deblocking filter, by exploiting independent regions of
the frame and by reducing the overall memory accesses. It is
also presented the first HEVC deblocking filter implementa-
tion using Graphics Processing Unit (GPU), with the NVIDIA
Compute Unified Device Architecture (CUDA) [6] platform.
The proposed algorithm is evaluated in three different scenar-
ios: using only CPU cores, only the GPU and an load balance
implementation, exploiting both the CPU cores and GPU.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the last proposed algorithms for the HEVC
deblocking filter. In Section 3, the HEVC deblocking filter is
briefly introduced. The proposed algorithm and consequent
implementations are presented in Section 4. The experimental
results and the addressed conclusions are shown in Sections 5
and 6, respectively.

2. BACKGROUND WORK AND STATE OF THE ART

In the past decade, GPUs have evolved from a fixed-function
graphics pipeline to a programmable and general purpose par-
allel (GPP) processor, with computing power exceeding that
of multi-core CPUs [7]. While the CPU is designed and op-
timized for sequential code performance, the GPU is special-
ized for compute-intensive highly parallel computation [8],
like 3D rendering. In this way, the GPU has been designed
to devote more transistors to data processing, rather than data
caching and flow control.
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Along the past few years, several video encoding mod-
ules have been implemented in GPU devices. As an example,
Wang et al. designed a HEVC motion estimation on a CPU
+ GPU platform [9]. In what concerns the deblocking fil-
ter module, all known implementations on GPU devices only
consider the H.264/MPEG-4 AVC standard, and most of them
achieve the claimed performance levels at the cost of allevi-
ating some data dependencies in order to increase the level of
parallelism [10] and [11]. To the best of the authors’ knowl-
edge, the presented contributions represent the first GPU im-
plementation of the HEVC deblocking filter, in an heteroge-
neous and load-balanced CPU+GPU hybrid plataform.

In what concerns the GPP platforms, Yan et al., in [12],
proposed a HEVC decoder by exploiting Single Instruction,
Multiple Data (SIMD) parallelism in each decoder module,
in order to increase the achieved performance. For the HEVC
deblocking filter, Streaming SIMD Extensions 2 (SSE2) arith-
metic functions of x86 processors are applied to achieve an
speedup to 5 for 1080p video sequences. In [13], Kotra et
al. proposed three implementations for the HEVC deblock-
ing filter. The first divides the frame horizontally (for vertical
filtering) and vertically (for horizontal filtering). The other
implementations combine the vertical and horizontal filtering
in a single pass, while the frame is vertically divided among
the CPU cores. When executed in a 6-core CPU platform, the
best implementation of the proposed algorithms can obtain an
average speedup of 5 for 1080p video sequences.

Hardware HEVC deblocking filter implementations using
Field-Programmable Gate Arrays (FPGA) were also proposed
in [14] and [15]. For a 1080p video resolution, the proposed
architectures can filter one frame in 1.1 ms and 33.9 ms, re-
spectively. However, such hardware implementations repre-
sent different compromises, in terms of energy efficiency, pre-
venting a fair comparison with high-performance computing
platforms, like GPUs.

3. HEVC DEBLOCKING FILTER

As defined in the HEVC standard, each frame is divided in
Coding Three Units (CTU) of 64x64, 32x32 or 16x 16 sam-
ples. Each CTU can be further divided in smaller blocks,
called Coding Units (CU), by using a quadtree structure. Each
CU is divided in the Prediction Unit (PU) and the Transform
Unit (TU), which can be further split in smaller blocks.

The HEVC deblocking filter is applied to the boundaries
of the PU and TU, which rely on a 8x8 samples grid. For
each boundary, a Boundary filtering Strength (BS) is evalu-
ated, according to eight conditions of the neighboring blocks.
The range of the BS value is defined between 0 and 2, where
0 means that no deblocking filter will be applied. The chroma
blocks will be only filtered if the BS value is equal to 2 [5].

For luma boundaries, with BS greater than 0, additional
conditions are checked to determine whether the deblocking
filter should be applied or not. Each condition is verified from

Vertical boundary

Horizontal
boundary
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Fig. 1. Block unit where the filter may be turned on, for
vertical and horizontal boundaries. Deblocking decisions are
based on the pixel lines or columns marked with solid lines.

a set of 8x4 or 4x8 pixels, for the vertical and horizontal
edges, respectively, as it is marked in Figure 1. The outer
pixel lines or columns, marked with solid lines in Figure 1, are
subsequently used to decide which filter is going to be applied
(none, normal or strongest). In each side of the boundary,
only up to four neighboring have to be considered [1].

4. PARALLEL CPU+GPU IMPLEMENTATION

In the implementations that are presented herein, the eight BS
conditions are evaluated by the CPU as soon as the entropy
decoded data is acquired. Each condition is stored in one sin-
gle bit, which can be O for a false condition and 1 when the
condition is true. The eight BS conditions, with the respec-
tive bit positions, are described in Table 1. Then, the bound-
ary conditions are stored in a two byte word, one byte for the
horizontal filtering and another for the vertical filtering. This
approach reduces the memory access by the CPU and the re-
quired memory transfers to the GPU. The final BS value for
each boundary can be quickly obtained with bitwise opera-
tions, either in the CPU or in the GPU.

Since only up to four samples are needed and up to three
samples can be filtered in each side of a boundary in the 8§ x8
pixel grid, there are several non-ovelapping blocks that can be
filtered in parallel. Those Independent Frame Regions (IFRs)
and their relative position in the 8 x8 pixel grid are depicted
in Figure 2. However, inside each of those regions, the hori-

Bit | BS conditions

7 Boundary in the 8 X8 grid

TU boundary

PU boundary

One of the blocks is using Intra prediction

One of the blocks has residual data

Different reference frames or number of motion vectors are used in
Inter prediction for the adjacent blocks

Absolute differences between the corresponding spatial components
of the motion vectors of the blocks are greater than 1 (in units of
integer pixels) for 1 reference frame

Absolute differences between the corresponding spatial components
0 of the motion vectors of the blocks are greater than 1 (in units of
integer pixels) for 2 reference frames

N W &N

Table 1. Boundary filtering strength conditions and respec-
tive bit position in a byte.
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Fig. 2. IFRs are identified with gray squares, the boundaries
of the 8 x8 frame grid to be filtered are marked as solid lines.

zontal filtering of the vertical boundaries must be performed
before the vertical filtering of the horizontal boundaries.

The chroma components are also filtered at the block
boundaries of a 8 x8 pixel grid. In this way, the IFRs are the
same, but the BS conditions must be read according to the
chroma subsampling format.

Then, each IFR (composed by four boundaries) is filtered
by one thread, either at the CPU or at the GPU. To calculate
the BS value for the chroma component, the BS conditions
data of different IFRs may be used. However, since the mem-
ory content is not updated, the memory is not written, there is
no dependency among IFRs.

In the CPU implementation, the IFRs, which are indepen-
dently filtered, are equally distributed among the CPU cores,
by using the POSIX Threads (Pthreads) API. This approach
does not require any synchronization point, unlike the algo-
rithms proposed in [13].

For the deblocking filter implementation in the GPU, each
GPU thread is responsible for filtering only one IFR. Accord-
ingly, each GPU thread block, composed by 32 GPU threads
(1 warp), will filter 32 IFRs in a row. The GPU thread blocks
are configured in a 2D grid, whose size will be:

Frame Width Frame Height
—‘ ; Gridy = {g“ .

Grid.x = [ 3%32 3

All the GPU global memory accesses are performed at the
warp level. However, whenever the GPU threads inside one
warp require a memory access using strided memory ad-
dresses, the total memory access becomes serialized. To
circumvent this, all the used memory addresses were prop-
erly aligned, so that one single memory access is required
for the whole warp processing. On the other hand, the GPU
global memory accesses can be reduced if the frame and the
BS conditions data are accommodated in the global memory
of the GPU in the form of vectors stored in a raster scan order
and the warps are restricted to one single row of IFRs. The
GPU shared memory (cache memory) is also used to store
temporary pixel samples, in order to increase its efficiency.
In the GPU deblocking filter implementation, the mem-
ory transfers (from host to device and from device to host)
are the most time consuming procedures. Nevertheless, mul-
tiple CUDA streams can be used to asynchronously overlap
the memory transfers and the GPU kernel. With this ap-
proach, the GPU thread blocks are distributed among the de-
fined CUDA streams. Figure 3 illustrates how the overall

1 CUDA Stream | [~ l Memory transfer
L . host to devi
2 CUDA Streams % ost to device
‘ H . [ GPU Kernel

3 CUDA Streams : = Memory transfer
‘ device to host

Fig. 3. Examples of asynchronous CUDA streams processing.

processing time can be reduced with CUDA streams. Since
the GPU kernel can be completely overlapped by the memory
transfers, the total processing time in the GPU implementa-
tion will only depend of the frame resolution.In the imple-
mentation described in this paper, the best number of con-
current CUDA streams was experimentally obtained, for each
frame resolution.

To further increase the processing performance, a load
balancing scheme for a collaborative processing using both
the CPU and the GPU was devised. In the proposed collab-
orative implementation, the processing time of both execu-
tions for the current frame is monitored and used to predict
the frame partitioning that will be applied in the following
frame, in order to obtain the same processing time for both
executions. This load balancing control, that chooses the best
number of IFRs for the GPU and CPU, is executed separately
for each slice type.

5. EXPERIMENTAL RESULTS

To assess and experimentally evaluate the processing through-
put of the proposed CPU and GPU implementations, the com-
mon test conditions and configurations defined in [16] were
adopted to consider video bit streams of all sequences from
classes A, B and E (the greatest frame resolutions). An addi-
tional set of sequences with a 3840x2160 resolution (Ultra
HD 4K) from the SVT High Definition Multi Format Test
Set, composed by CrowdRun, ParkJoy and DucksTakeOff,
was also evaluated. Those sequences will be referred to as
class S (see Table 2).

The proposed deblocking filter implementation was in-
tegrated in the HEVC Test Model (HM) version 11.0 [17],
which was also used as one of the benchmarks, for baseline
comparison purposes. The hardware setup includes an Intel®
Core™ i7-4770K CPU @ 3.50GHz, using Pthreads library to
distribute the load between the four CPU cores. In the GPU
side, it was used an NVIDIA Tesla K20c @ 706 MHz, with
CUDA version 5.5.

Table 2 depicts the average execution time for the HEVC
deblocking filter for each considered resolution and quanti-
zation (QP) parameters. The gathered experimental data was
divided in I and B frames, from All Intra (Al) and Random Ac-
cess (RA) configurations, respectively. The Low Delay con-
figuration was not taken into account, since the corresponding
results for B frames have a similar timing as in the RA con-
figuration, as well as the I frames in the RA and Al configu-
rations. Accordingly, this setup avoids a misleading analysis
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I Frames (All Intra Configuration)

B Frames (Random Access Configuration)

Class | Resolution | QP o7 5——Gpy Only | GPU Only | CPU+GPU | HM11.0 | CPU Only | GPU Only | CPU+GPU
22 70.97 4.67 2.99 2.04 45.67 3.47 2.99 1.92
S 3840x2160 37 54.69 4.95 3.01 2.11 18.78 2.10 2.98 1.59
22 28.30 2.21 1.71 1.15 15.96 1.46 1.70 1.01
A 2560x1600 37 27.66 2.54 1.72 1.23 9.01 0.96 1.70 0.86
22 15.13 1.23 1.08 0.81 7.16 0.72 1.07 0.67
B 1920x1080 37 12.80 1.35 1.09 0.83 3.78 0.48 1.06 0.47
22 6.09 0.69 0.71 0.58 1.55 0.27 0.67 0.26
E 1280x720 37 5.09 0.66 0.71 0.58 1.08 0.23 0.66 0.22
Table 2. The average time in milliseconds for the HEVC deblocking filter of tested decoders.
between I and B frames. a) I frames b) B frames
40 30
As expected, the average execution time increases with CPU Only ' CPU Only '
. . 35  GPU Only 25 | _GPU Only
the frame resolution. Nevertheless, since the number of fil- CPU + GPU CPU + GPU
tering operations is lower in B frames, the “CPU Only” im- 30 20
plementation is faster for those frames, although presenting a £ g 2 s i
significant variability from frame to frame. On the other hand, &2 | 11 & | 1 |
the timing for the “GPU Only” implementation is almost con- 15 // e I P il
. . o . . ol I Sl e
stant for a specific resolution and it is independent from the 10 I ool | ointe N e &
QP, slice type or video content, since it mainly depends on the i i o LT i i i

amount of data transfers between the host and the device.

When comparing the three implementations, it is observed
that the load balanced “CPU+GPU” implementation provides
the best performance. The considered scheme to share the
load indirectly takes into account the frame resolution, QP,
slice type and video content, in order to find the best load
balancing among the CPU and the GPU. As result, this im-
plementation can provide the minimal time, regardless the se-
quence and coding configuration.

When compared with the current state of the art, it is no-
ticed that despite addressing different application constraints
(like power consumption) the dedicated hardware implemen-
tations presented in [14] and [15] are characterized by a pro-
cessing time as high as 1.1 ms and 33.9 ms, respectively,
for the 1080p frame resolution. This corresponds to signif-
icantly lower performance than the “CPU+GPU” implemen-
tation that is herein proposed.

To evaluate the proposed implementations in terms of
scalability, Figure 4 depicts the observed speedup by con-
sidering the HM benchmark as reference. The presented
speedup range (gray bars) considers all the values that were
obtained for all the sequences in each class, as well as the rec-
ommended QP set [16]. The lines show the average speedup
value, among all the video classes, by using the dash-dot,
dashed and solid lines to represent the “CPU Only”, “GPU
Only” and “CPU+GPU”, respectively.

As it can be observed, the overall speedup for all con-
sidered implementations increases with the frame resolution,
since the number of IFRs (parallelism level) increase with the
frame resolution. Regardless the video class and frame type,
the conducted optimizations in the “CPU Only” implemen-
tation provides an average speedup as high as 13.5 by using
four CPU cores (efficiency = 13.5/4 = 3.38), which over-
comes the last proposed multi-core HEVC deblocking filter

1

E B A S E B A S
Sequence class Sequence class

Fig. 4. Speedup range for the proposed implementations

against the HM 11.0 with one core.

design [13], which only obtained a maximum speedup of 5
by using six CPU cores (efficiency = 5/6 = 0.83) and the
same HM reference benchmark. The “GPU Only” implemen-
tation outperforms the “CPU Only” mainly for I frames, since
the filtering time is larger than the memory transfer time be-
tween the host and the device. This does not happen in B
frames, where the “CPU Only” has better performance. The
“CPU+GPU” implementation outperforms any of the other
implementations in all configurations.

6. CONCLUSION

Three efficient parallelizations of the HEVC deblocking filter
to be executed on heterogeneous platforms composed by mul-
tiple CPUs and GPU accelerators were presented in this paper.
The conducted CPU parallelization outperforms the current
state of the art, by adopting a new approach for the BS calcu-
lation with minimal memory accesses and by exploiting inde-
pendent frame regions to implement the filtering. The same
strategy was also applied in the implementation of this mod-
ule in GPU devices. To the best of the authors’ knowledge,
the proposed GPU parallelization of the HEVC deblocking
filter is one of the first in the literature. By simultaneously
exploiting the CPU and GPU computational resources, the
proposed load-balanced implementation (“CPU+GPU”) was
able to achieve speedup values as high as 35.8, obtained for
the Ultra HD 4K (3840x2160 pixels) video sequence Duck-
sTakeOff, corresponding to an overall processing time that is
less than 1.88 ms.
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