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1. INTRODUCTION

Versatile video coding (VVC) is the current video coding standard that came into existence through
the joint video experts team (JVET), a collaboration between the International Telecommunication Union
Telecommunication Standardization Sector (ITU-T) video coding experts group (VCEG) and the ISO/IEC
moving picture experts group (MPEG) [1]. VVC is the descendant of high efficiency video coding (HEVC)
and it promises to provide significant progress in compression efficiency over its predecessors [2]. HEVC is
followed by the advanced video coding (AVC) standard [3]. VVC is expected to be utilized in a large range
of applications, involving high-resolution video broadcasting, virtual reality, and 360-degree video.

VVC achieves its improved compression efficiency by employing advanced video coding
techniques such as block splitting, prediction, and transform coding. It also introduces new tools such as
enhanced motion vector prediction, and compensation followed by an effective entropy coding scheme [1], [4].
The adoption of new tools in VVC and also with the new coding structures namely prediction unit (PU),
coding unit (CU), and transform unit (TU) deployed in video coding standards to split the frames for
increasing efficient compression causes discontinuities which are appeared along the edges of the blocks.
These discontinuities are stated as artifacts [1], [4]. In-loop filters belonging to VVVC standard, are employed
for reducing artifacts and improving the visual quality of the particular compressed video. The blocking
artifacts are categorized as blocking, ringing, and blurring artifacts. Filters are arranged in the decoder either in-
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loop or out-loop. However, these filters can also introduce complexity in the encoding and decoding processes,
which creates an issue with real-time video applications or gadgets with limited processing power [5].

VVC standard is included with five in-loop filters as shown in Figure 1 and also with several
updated coding tools to enhance the efficiency of compression over the other previous standards [1], [3].
These filters have been referred as in-loop because they are present in the encoding loop where an iterative
process is performed on the video frames before storing them in the picture buffer. These filters strengthen
the quality of the video frames, unlike the post-processing algorithms or filters. The deblocking filter (DBF) is
responsible for clearing blocking artifacts present in the decoded frames. Sample adaptive offset (SAO) filter is
used for removing ringing artifacts and adaptive loop filter (ALF) is applied to further optimize the quality of
the frames obtained from the DBF. Cross-component adaptive loop filter (CC-ALF) is specifically used to
correct the chroma samples by exploiting the correlation between the luma and chroma samples [6]-[10].

As mentioned earlier, discontinuities are increased due to the size of the blocks varying up to
128x128 in VVC. Hence a control mechanism is established in the algorithm of the deblocking filter to
overcome these artifacts. The algorithm depends on key factors like boundary strength, filter length, and
separate filters for both luma and chroma samples. DBF is used at regions where artifacts are more, to obtain
smoothness across the edges. There is no need for the filter at natural edges having low quantization
parameter (QP) value [7].

VVC In-Loop Filtering

l I l l

Deblocking Filter Sample Adaptive Adaptive Loop Filter Cr05§-C0mp0ne.nt Luma-mapping‘ with
(DBF) Offset (SAO) Filter (ALF) Adaptive Loop Filter Chroma Scaling
(CC-ALF) (LMCS)

Figure 1. In-loop filters in VVVC

The algorithm of DBF in VVC is related to the DBF in HEVC and AVC coding standards
[10]-[12]. The primary step is to calculate the boundary strength (BS) along the block boundaries. The BS
value calculation and the filtering operations rely on the pixel values. There are two offset or threshold
parameters. If the pixel difference values are under these parameters, then the filtering operations are
performed for the corresponding samples. The threshold parameter value increases with the increase in QP
value as they are reliant on QP. The threshold values are also dependent on the type of coding [7].
The proposed block diagram of the modified VVC encoder with improved fast guided filter (IFGF) inserted
between DBF and SAO filter is shown in Figure 2. The main objective of the three filters (DBF, IFGF, and
SAO) is to reduce blocking artifacts, coarsening of edges, and ringing artifacts.

The need for ultra-high-definition (UHD) videos increases rapidly in contrast to high-definition
(HD) videos. The quality of the videos changes concerning the type of gadget, transmission bandwidth, and
storage space. The quality of videos degrades in certain circumstances even with the presence of in-loop
filters. The quality and the compression efficiency are dependent on the spatial and temporal prediction.
These two redundancies are affected by the addition of noise in various environments [13]. Many coding
tools are introduced to perform better redundancy techniques. Still, the bitrate of the videos increases, and the
quality of the videos decreases with the addition of noise. The average bitrate is increased by a huge
percentage with the presence of noise in images [14]. Hence, denoising techniques [15], [16] are required to
combine with in-loop filters of coding standards for enhancing coding efficiency. Therefore, the proposed
method of this paper is an improved fast-guided filter next to the deblocking filter in the VVVC. The main
contributions to overcome the problem stated are: i) an IFGF is proposed for its computational efficiency,
exceptional edge preservation, simplified parameter tuning, minimal artifacts, and noise reduction;
ii) to modify the fast guided filter (FGF) in the form of improved FGF; and iii) applying IFGF for VVC to
increase the quality of the videos. Up to our knowledge, the proposed technique is the first to use IFGF for
in-loop filtering in VVVC to improve video quality measured in peak signal-to-noise ratio (PSNR) (dB).

The paper discusses the following: a literature review describing various authors’ work including
methodology, results, and limitations in section 2, a suggested method using IFGF in VVC in-loop
architecture in section 3, results obtained for various test sequences along with an explanation in section 4
and the summary of the work in section 5 ends the paper.

Indonesian J Elec Eng & Comp Sci, Vol. 33, No. 2, February 2024: 911-919



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 913

+
Iflj l D— T&Q — CABAC —
input video motion - Bit stream
’_ estimation

motion intra/inter
~ compensation decision
r IFGF ‘_‘
Reference CC- SAO cb Inverse
Image ALE.TLALE T filker Uy T&Q

Figure 2. Block diagram of VVC encoder with In-loop filters and proposed filter

2. LITERATURE REVIEW

Much research has been done on these denoising techniques to boost compression efficiency and
image quality. In this section, some of them are introduced. Wennersten et al. [17], a bilateral filter is
suggested as an optimizing tool in HEVC. To avoid the complexity and to enhance the compression
efficiency, implementation is done using a look-up table (LUT), where it is having 2202 bytes in size. This
method is tested on HM version 5.0.1 and reports a 0.5% BD-rate reduction followed by an increase of 3%
encoder time. The performance of bilateral filters on various video sequences is not discussed in terms of
video quality and bit rate. Strom et al. [18], a bilateral filter is used for VVC. The filter is used in
combination with the SAO filter. The input samples are applied to both filters which are in parallel, the
output is obtained after clipping both samples from the filters. The method is tested on VTM 5.0 with a BD-
rate reduction of 0.4% in all intra and 0.5% in random access configurations with an increase in the encoder
and decoder run time. A limitation is present due to its position in the critical path of hardware
implementations, which might make it difficult to process high resolutions at an appropriate frame rate.

Chen et al. [19], an adaptive guided filter is proposed for sharpening and smoothing the images.
Filter parameters are assigned to each group’s pixel depending on rate-distortion (RD) optimization, where
groups are divided based on QP value. Simulation results for this filter achieve a 0.7% BD rate reduction
with a 15% raise in encoder time and a 70% raise in decoder time on average. The specific strength of the
proposed filter is not mentioned other than the increase in the quality of the videos. Yin et al. [20], an
adaptive self-guided loop filter (ASGF) is mentioned to work along with a loop filter in video coding.
The main thought is to identify strong edges and then accordingly the filter strength is adjusted by using a
controlling parameter. On VTM 11.0, the suggested filter produced 0.41% and 0.46% BD-rate reductions in
Random access and all intra-configuration, respectively. It has some restrictions in terms of the components
to which it can be applied and the requirements that must be met for its implementation. Ikonin et al. [21], a
filter in the Hadamard transform domain is proposed. The filter is applied directly to the decoded samples at
the block level during reconstruction. The filter settings are chosen based on the QP. The filter operations
depend on LUT to avoid multiplications and divisions, where the filter is compatible with hardware. The
proposed method achieves a result of 0.5% BD-rate reduction followed by a 4% and 1% encoding and
decoding time increase on VTM 2.0. It may not function effectively for images with complex textures or
irregular patterns because the transform may not capture all the necessary features or structures, resulting in
unfulfilling denoising or filtering. As a result of previous works, we propose a smoothing filter named
improved fast guided filter based on guided image filtering to improve the in-loop filtering of VVVC.

2.1. Review of guided filter

The guided filter has been used to smooth the given input image X in the guidance of image | for
obtaining an output image Y. The guided filter is also controlled by filtering parameters comparable to filters
in VVC. Based on the rate-distortion optimization, the parameters for the previous encoding frames are
determined and used for the current frames [22]. A linear model driving the guided filter is;

Yi = ukli+Vk,Vi€Wk (1)

where i and k denote the pixel index and local window index respectively. The radius r of the window (w)
and uy, vy are applied in this case chosen to minimize errors in the filtering image.

1 =
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v = Xg — Ukl 3)

Where py stands for the average mean and ok stands for the variance of I respectively. € denotes the
controlling parameter for the degree of smoothness.

1
Hk = EZiewk Ii (4)

EZiewk IIZ - I‘li (5)

The pixel values may belong to several pixel windows whose coefficients u, and v, are associated
with them. Hence the final average filtered output Y is given by;

Yi = l_'lili + \_/i (6)
5 1
X = 2z Ziew Xi (7
where, X, stands for the average value of the X (input image) within the selected window wy,.

— 1
u; = @Zkewi Uk (8)

Vi:%z‘akewi Vi € )

t; and v; are the mean values of u and v in (8) and (9).

3. METHOD

The details of the mentioned filter IFGF are explained in detail in this section. The main benefits of
a guided filter over a bilateral filter are speed, fine sharpening, and smoothing of edges, followed by an
increase in complexity while implementing filters with large kernels. There are some challenges in regular
guided filters. Integral sums are part of calculations involving bit depth and memory resources. A stripe-
based method is used for optimizing integral sums. FGF is proposed in the paper [23], [24], where box filters
are being used as prime blocks for filtering to face the above-mentioned challenges of the guided filter.
These box filters act as low-pass filters whose output is a downsampled image. By this motivation, an
improved FGF is proposed to overcome the additional errors caused by FGF. An additional prefiltering step
is included in the form of a box filter again to downsample the image.

When an input image is immediately subsampled, aliasing may occur in the output image, resulting
in an extra error. To address this, FGF employs a prefiltering step in addition to downsampling in the form of
a simple box filter (low pass filter). By lowering the spectral components, aliasing can be avoided or at least
reduced by employing the use of a low-pass filter before decimation. A basic SxS box filter, where S is the
down-sampling ratio, can be used to perform pre-filtering. Although it appears that the output of SxS pre-
filters needs to be calculated for the entire resolution of the input image, it may be further improved because
it is followed immediately by a decimation step.

The box filter and size SxS decimation are merged into a single stage known as the decimated box
filter. There is no need to determine the whole outputs of the filtering step considering only a small fraction
of the filtering stage’s output pixels would propagate further after decimation. Instead, the input image is
divided into SxS independent blocks, and the mean value of every block is transmitted to the next stage using
a decimated box filter. Because each input pixel is only used for a single output pixel, the complexity of a
decimated box filter is O(N) irrespective of filter size. This eliminates the need for integral picture
calculation. Furthermore, the decimated box filter can be generated instantaneously while reading samples of
input from memory, no additional memory is required. The pre-filtering step involved in the above IFGF is
the main step that deviates from the fast-guided filter.

1= (3 Ziewy 1) =sxs= DBF() (10)
1" = (5 Biewtr 12 =Lsxs = DBF(I2) (11)
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Where apostrophe represents that the | is computed in the downsampled domain by a factor S. wy is a
window of size SxS and DBF is called a decimated box filter. The remaining calculations are similar to FGF
as mentioned above.

! 1 !
Mg = k_zziew{( Ii (12)
1 ’ ,
0'12< = F (Ziew]'( Il2 ) - ukz (13)

Where py stands for the average mean and ok stands for the variance of I respectively. € denotes the
controlling parameter for the degree of smoothness.
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Where, 1; and 7; are the average values of the filter coefficients.

Figure 3 represents the workflow in the proposed filter. Multiple frames are available for each video
sequence in video coding. To execute guided filtering, the current frame is chosen as the guidance image, and
the surrounding frames are handled as the input frames to be filtered. Each pixel in the current frame has a
local window defined around it. This window is used to collect data from both the guide image and the
frames around it. Usually, characteristics such as the filtering radius determine the size of this window.
The mean and covariance of pixel values are determined individually for the guided image and every
adjacent frame within the local window. This data characterizes the image’s local statistics. Filtering
coefficients are calculated using the local means and covariances. These coefficients specify how much
influence each neighboring frame should have on the current pixel’s filtering.

Input Guidance
Image X Image 1
Initialise the guided filter and input image
parameters

Pre-filtering stage |

!

Decimation of input and guided images by a
factor S

I
{ 1
Calculate mean and correlation Calculate variance and
of Xand 1 covariance of X and |

| l

| Calculate filter coeflicients |

4 1
Calculate the mean of filter Upsampling of filter
coefficients coefficients

| Filtered Output |

!

Figure 3. Flowchart of the proposed filter IFGF

In general, the coefficients are determined using linear regression or a similar method. The obtained
coefficients can be used to perform weighted averaging of pixel values in adjacent frames. The current frame’s
filtered pixel value is obtained using weighted averaging. Each pixel in the current frame within the local window
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is subjected to the filtering procedure. The above steps are repeated for the entire video sequence. The guidance
image along with the neighboring frames is changed based on the optimization parameters for every frame.
The filtered frames are used in the motion estimation and prediction of the remaining frames. As a result,
compression artifacts are reduced and overall video quality is improved.

4. RESULTS

The VTM tool version 17.2 [25], was used in evaluating the efficiency of the proposed technique as
the reference software for the analysis of different video sequences. The list of five categories of real video
sequences [26]-[28] is given in Table 1. Implementation was performed on an Intel Core i7 with 16GB
of RAM. Five different classes of video sequences are chosen and 10 frames from each video sequence are
used to test. The quantization parameter values of 22, 27, 32, 37 are chosen. The test was conducted in a low-
delay configuration. Several criteria, including PSNR, encoding time, and bitrate, have been analyzed to
completely evaluate the performance of the updated VTM. The study contained a diverse set of video
sequences with varying frame rates, allowing for a full investigation of the VTM’s performance across a
wide variety of motion characteristics. This can help in the discovery of limitations that can be changed to
optimise the encoding process. Analyzing performance factors such as PSNR, bitrate, and encoding time
yielded important trade-offs required to obtain increased compression efficiency at the expense of acceptable
video quality. It is crucial to make clear that the outcomes of these analyses are particular to the proposed
filter and video sequences chosen. The proposed algorithm’s performance is shown in the table. From Table
1, it is evident that the average PSNR is altered considerably, while the encoding time is significantly
increased in comparison with the original algorithm. The coding effectiveness of the proposed filter in VVC
is shown in Table 1.

Table 1. Simulation results for various video sequences in low-low-delay configuration

Class Sequence Qp=22 Qp=27 Qp=32 Qp=37
BD- BD- AT BD- BD- AT BD- BD- AT  BD- BD- AT
PSNR Bitrate (%) PSNR Bitrate (%) PSNR Bitrate (%) PSNR Bitrate (%)

Class A Honey Bee +1.32 -045 8% +121 -062 7% +1.18 -069 6% +1.09 -0.87 5%
S Jockey +123 053 9% +119 064 75% +111 -067 63% +1.02 078 55%
Average +1.27 -049 85% +1.2 -0.63 7.2% +1.14 -0.68 6.1% +1.05 -0.82 52%
Class Kimono +119 -076 8% +111 -091 6% +1.06 -093 5% +1.01 -1.16 4.5%
B Park Scene +111 +0.03 7% +1.09 +0.05 6.3% +1.04 +0.06 5% +1.02 +0.19 4%
1920x1 Cactus +1.09 -028 7% +1.05 -0.45 6% +1.03 -0.59 4% +0.99 -096 4%
080_24 BQ Terrace +1.08 -041 75% +112 -054 55% +1.06 -056 4% +098 -0.65 3.5%
Average +111  -037 72% +1.09 -047 6% +1.04 -052 45% +1.00 -0.69 4%
Class Race Horses +1.06 -058 6% +1.01 -061 5% +0.98 -063 3% +096 -0.73 2%
Cc BQ Mall +1.02 -027 6% +0.99 -034 5% +0.99 -054 4% +094 -059 2.5%

832x48 Party Scene +1.05 -043 5% +1.01 -052 4% +0.99 -059 3% +093 -0.67 3%
0_50 Basketball Drill  +1.06 -0.38 5% +099 -047 4% +096 -052 3% +091 -0.63 2%

Average +1.04 -041 55% +1.00 -048 45% +0.98 -0.57 32% +093 -0.65 2.3%
Class Race Horses +101 -056 5% +0.99 -059 3% +091 -0.67 2% +0.89 -085 1%
D BQ Square +1.02 -049 4% +101 -057 3% +092 -069 2% +0.89 -0.76 1.5%

416x24 Blowing Bubbles  +1.02  -043 3% +098 -055 3% +091 -052 2% +0.87 -0.71 2%
0_50 Basketball Pass +1.04 -038 4% +11 -0.5 2% +0.96 -059 2% +0.89 -0.78 1%

Average +1.02 -046 4% +1.02 -055 27% +092 -061 2% +0.88 -0.77 1.3%
Class E FourPeople +1.04 -052 4% +096 -063 45% +091 -069 3% +0.84 -095 25%
1280x7 Johnny +1.06 -0.41 5% +0.99 -0.55 4% +0.94 -0.67 3% +0.85 -0.81 2%
20_60 Kristn and Sar +1.01 -0.57 45% +0.97 -0.69 4% +0.91 -0.71 35% +0.86 -0.96 2.5%

Average +1.03 -0.5 43% +097 -0.62 4.1% +0.92 -0.69 3.1% +0.85 -0.90 2.3%

Average of all test sequences  +1.06  -044 57% +1.04 -055 46% +0.99 -061 3.7% +094 -0.76 2.8%

From the statistics, the Kimono video sequence achieved a 1.19% performance gain with a QP value
of 22 over the VTM-17.2 original version. The algorithm achieves the best results in low-delay configuration
compared to the random access and all intra configuration. The performance of the video sequences in case
of video quality also decreases with the increase in the QP value in all three configurations.

Figure 4 explains the rate-distortion of various video sequences where the suggested approach
improves the original approach in terms of PSNR. RD curves of various video sequences of four different
classes are shown in Figure 4. From the graphs, it is clear that the proposed method exhibits better
performance in comparison with the original method. The curve nearer to the Y-axis exhibits better
performance than the other.
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Figure 4. RD curves of various video sequences in low delay configuration

4.1. Discussion

The method recommended in this paper proposes a smoothing filter based on the guided image
filter, which is placed in the VVC’s in-loop filter architecture between the deblocking filter and the SAO.
This approach is designed to reduce blocking artifacts, sharpen or restore image edges, and remove ringing
artifacts. The IFGF is a prominent edge-aware filter that is used in a variety of image processing applications
in contrast with other filters like median, gaussian, and bilateral. The quality of the approximation assessed in
PSNR can be enhanced by implementing a pre-filtering stage before decimation. The proposed method of
pre-filtering with decimated box filter provides for efficient calculation, without adding algorithmic
complexity. This allows guided filters to be implemented with large kernels, making them suited for
embedded applications with limited resources and real-time requirements. The addition of a pre-filtering
stage before decimation improves the quality of the rapid guided filter approximation greatly. The decimation
factor affects the PSNR value, which is determined mainly by the size of the filters employed in the
decimation domain. The suggested technique works best in the low delay configuration, achieving a 0.67%
average BD-rate reduction.

In the future, research is expected to investigate if machine learning techniques can be applied to
overcome this problem. It starts with super-resolution CNN (SRCNN), very deep super-resolution (WDSR),
and broad activation super-resolution (WASR), all of which were built on convolutional neural networks
(CNN). When deep learning was applied to improve in-loop filtering, the focus was primarily on visual
enhancement and compression artifact reduction while keeping coding efficiency [29].

4.2. Comparative analysis

The proposed filter performance in VVC architecture is compared with the other filters performance
considering the bitrate and encoder time complexity. In contrast to the existing methods, IFGF shows better
values. Table 2 shows a comparison of existing techniques with the proposed method.

Table 2. Comparative analysis of proposed and existing methods

Authors Method Average BD-Bitrate (%)  Average AT (%)
Wennersten et al. [17] Bilateral filter 0.5 --
Strom et al. [18] Bilateral filter in combination with SAO 0.5 --
Chenetal. [19] Adaptive guided filter 0.41 9
Yin et al. [20] Adaptive self-guided filter 0.44 13
Proposed filter Improved fast guided filter 0.67 4

5. CONCLUSION

Instead of the bilateral filter, which operates efficiently and accurately, the proposed method focuses
on an edge-preserving filter. The guided filter is a versatile filter, where new features or models are adopted
to obtain new filters. In this paper, an improved fast-guided filter is used in the VVC encoder which is
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inserted between the deblocking filter and the SAOQ filter. The algorithm of fast guided filter is modified to
overcome the aliasing error due to upsampling. The modified algorithm leads to an improved fast-guided
filter by using a prefiltering step. This step uses a low pass filter which involves narrowing the spatial
components before performing the decimation by a factor S. The quality of the videos increases with the
proposed filter followed by a considerable increase in encoder time. The results are obtained by integrating
the C++ program in VTM-17.2 software and the suggested algorithm achieves a +1.007 dB increase in PSNR
and 0.67% average BD-rate reduction in comparison to the existing algorithm with the expense of a 4%
increase in encoder time. In the future, the algorithm may be optimized to decrease the encoder/decoder
complexity time and to enhance the compression efficiency.
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