23rd European Signal Processing Conference (EUSIPCO)

PERCEPTUALLY-FRIENDLY RATE DISTORTION OPTIMIZATION IN HIGH
EFFICIENCY VIDEO CODING

Sima Valizadeh, Panos Nasiopoulos and Rabab Ward

Department of Electrical and Computer Engineering, University of British Columbia
Vancouver, Canada

ABSTRACT

We propose the employment of a perceptual video quality
metric in measuring the distortion in the High Efficiency
Video Coding (HEVC) Standard. The mean square error
presently used as quality metric is not a good measure to
use, as it poorly correlates with human perception. Inte-
gration of a video quality metric based on the characteris-
tics of the Human Visual System (HVS) inside the rate
distortion optimization procedure is expected to improve
the compression efficiency of the video coding. In this
paper, the PSNR-HVS measure is used in the rate distor-
tion optimization process. The compression efficiency of
the proposed approach is compared to that used by HEVC,
the recent video coding standard. Simulations prove that
the proposed approach yields higher compression effi-
ciency and provides better visual quality.

Index Terms— Perceptual video coding, rate distor-
tion optimization (RDO), human visual system (HVS),
PSNR-HVS, high efficiency video coding (HEVC)

1. INTRODUCTION

Recently, the ITU-T Visual Coding Experts Group
(VCEG) and the ISO-IEC Moving Picture Experts Group
(MPEG) have developed an improved video coding stan-
dard called High Efficiency Video Coding (HEVC) [1].
HEVC achieves improved compression efficiency by
introducing new tools such as variable size for coding
units and prediction units, extended intra prediction mod-
es, advanced motion vector prediction, block merge me-
thod, and adaptive loop filtering. The HEVC test model
provides 35.4% bit rate savings in comparison to
H.264/AVC with the same image fidelity [2].

To improve the efficiency of video coding while keeping
the quality high, the utilization of the characteristics of the
Human Visual System (HVS) can play an important role.
As humans are the ultimate consumers and judges of the
video content, the subjective evaluation of the video quali-
ty is what matters the most. Utilization of video quality
metrics that are based on the Human Visual System and
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their integration within the video encoder will improve the
quality of the compressed video.

For the H.264 standard, many methods have been recently
proposed to integrate the properties of the human visual
system into some aspects of this standard. The studies in
[3]-[4] attempt to introduce the properties of the HVS into
the quantization process of video coding in H.264. As the
sensitivity of the HVS differs for different frequencies, a
frequency weighting scheme has been used in the quanti-
zation process of H.264.

In the H.264 standard also, the SSIM metric has been used
in inter frame prediction and mode selection [5]-[9]. Also,
SSIM has been integrated into the rate control of H.264
for intra frame coding [10]. In [11]-[14], a perceptual
mode selection scheme based on SSIM is integrated into
the rate distortion optimization of H.264.

The High Efficiency Video Coding, HEVC, standard has
extended the H.264 intra prediction modes, making its
mode selection process different from H.264. Also, the
variable size Coding Units and variable size Prediction
Units in HEVC, were not available in H.264. In this study,
our proposed method modifies the prediction and mode
selection in HEVC.

In a more recent study, SSIM has been used in the rate
distortion optimization of the HEVC standard [15]. Our
study shares the same goal of increasing the coding effi-
ciency of the video coding. We integrate a perceptual
video quality metric that is based on HVS, named PSNR-
HVS [16], inside the video encoder. PSNR-HVS, com-
pared to PSNR, shows higher correlation with subjective
video quality evaluations. PSNR-HVS has the advantage
of being easily adoptable to blocks of data and is not too
computationally complex to be integrated inside the video
encoder.

The rest of the paper is organized as follows: Section 2
describes rate distortion optimization in the high efficien-
cy video coding. Section 3 explains the integration of
HVS-based video quality metrics in the rate distortion
optimization. Section 4 compares our experimental results
with the reference software. Finally, conclusions are made
in section 5.

2. HEVC RATE DISTORTION OPTIMIZATION

The job of the encoder is to select the coding parameters
in a way that results in the best coding efficiency. In video
coding, the bitrate is minimized for a certain fixed distor-
tion, or the distortion is minimized for a certain fixed rate:
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min(D) subject to R < Ry (1
Minimization is done over the coding parameters, D is
distortion and R is the number of bits required to signal
coding parameters. This minimization process is formu-
lated via a non-negative Lagrange multiplier 4 in the Rate
Distortion Optimization (RDO) [17] process:
min /=(D+AXR) (2)
In HEVC, the rate distortion minimization is done in four
stages [18]. In the first stage, the mode is decided for each
coding unit. Afterwards, intra prediction mode estimation
is performed. In the third stage, motion estimation is car-
ried out and finally the last stage is quantization.

For coding unit mode decision, distortion is measured by
Sum of Square Error (SSE) and 4,,,,4. is defined as [19]:

Anoge = @ X wy, X 2((@QP=12)/3.0 3)
Alpha = 1.0_Clip3(0.0, 0.5, 0.05 * number of B _
frames) for referenced pictures
Alpha=1.0 for non-referenced pictures

X,Z<Xx
Clip3(x,y,z) =1 Yiz>y 4

z; otherwise

Measuring the distortion by SSE and minimizing it in the
rate distortion optimization process, leads to better PSNR
in the coded video. However, the PSNR has been shown
to have limited correlation with subjective tests. Various
other video quality metrics have been developed to better
represent how subjects evaluate the video quality.

3. INTEGRATION OF HVS-BASED VIDEO
QUALITY METRICS IN THE RATE DISTORTION
OPTIMIZATION

In psychophysics, the human visual system is modeled by
a transfer function. This transfer function is used to identi-
fy a system representing the visual cortex. Electrophysio-
logical experiments showed that the visual cortex cells are
sensitive to spatial frequency bands and orientation [20]-
[21]. Contrast sensitivity and masking are the two main
concepts that govern the visual perception. Contrast sensi-
tivity accounts for the perception of single wavelength, or
stimuli. Masking quantizes the interactions between sev-
eral stimuli. Human eye is less sensitive to higher spatial
frequency than to lower.

Perceptual video quality metrics are classified into me-
thods in the pixel domain as well as the frequency domain
[22]. Discrete cosine transform (DCT), wavelet transform
and Gabor filter banks are used in the frequency domain
methods. Pixel domain methods use local gradient
changes around a pixel or extract visual features based on
computational models of the low level vision. One of the
earliest perceptual video quality metrics in the frequency
domain consists of filtering and masking processes [23].
Motion Picture Quality Metric (MPQM) [24] is based on a
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multi-channel model of human spatio-temporal vision.
Digital Video Quality (DVQ) [25] estimates the local
contrast based on the ratio of DCT amplitude to DC com-
ponent. From the local contrast, Just Noticeable Differ-
ences (JNDs) are estimated. An extension of DVQ, uses
the fact that the human eyes’ sensitivity to spatio-temporal
patterns decrease with high spatial and temporal frequen-
cies. This metric uses a spatial contrast sensitivity (SCS)
matrix for static frames and SCS raised to a power for
dynamic frames [26]. Another perceptual video quality
metric in the frequency domain is based on the Wavelet
Transform [27]. Motion-based Video Integrity Evaluation
(MOVIE) models the response characteristics of the mid-
dle temporal visual area with separable Gabor filter banks
[28].

PSNR-HVS [16] is a full reference video quality metric
which takes into account the characteristics of the human
visual system. One of the characteristics of the HVS is
that its sensitivity decreases at high spatial frequencies.

PSNR-HVS is defined as:
255

PSNR — HVS = 10log (MSEHVS) (5)
1-7J]-7 8
MSEyys = KZZ z Z((X[m nj;
i=1 j=1m=1n=

- X[m n]L})TC [m: Tl])

where K=1/[(I-7)(J-7)64]. I, J are the image width and
height. Xj; is the DCT coefficient of an 8 X 8 image block
with its upper left corner at (i, j). Xe is the DCT coeffi-
cient of the corresponding block in the original image. T,
is a matrix adopted from the JPEG quantization table
proposed in the JPEG [29].

PSNR-HVS considers a window size of 8x8. It considers
the DCT of the window; A matrix of correcting factors
adopted from the JPEG quantization table gives more
weights to lower frequency coefficients. It has been
shown that PSNR-HVS has higher correlation with the
subjective results than PSNR does [16]. PSNR-HVS has
desirable properties that allow its application to coding
units in the video compression based on HEVC.
Moreover, PSNR-HVS is a Distance Measure (DM). It is
important to note that not all metrics satisfy the require-
ments of distance measures. PSNR is a distance measure
in the pixel domain and it satisfies the following proper-
ties:

-D[AA'] = f(lay; — d'11l lasy — a'ials s [ — @'nnl)
Vi,j,xll, ey Xt |a,:]'| < |a'l-]-| =
FUx11l s |@ig]s oo 1Xnn ) < FUxaal s |@i5], e X))

where A and A’ are two matrices; a;; and a';; are the ele-
ments at (i,j) index; D measures the distance between
matrices A and A'. The distance measure, D, is defined by
function f. Triangular inequality does not imply that the
second condition is met.

PSNR-HVS satisfies these two conditions in the frequen-
cy domain. However, not all metrics belong to this class.
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Only video quality metrics that satisfy requirements of
being a Distance Measure can be used to measure distor-
tion in the rate distortion optimization process.

In the rate distortion optimization process, A acts as a
knob that controls the trade-off between rate decreases
versus distortion increases. Distortion measurements with
a video quality metric changes this trade-off based on the
range of output values. New optimal value of 1 needs to
be determined to have the best quality of video while
minimizing the required bitrate. In this study, a scaling
factor is used to denote the relationship between the new A
and the A used in HEVC.

4. EXPERIMENTAL RESULTS

To wvalidate the efficiency of the proposed approach,
PSNR-HVS is integrated into the HEVC reference soft-
ware HM9.2. For the test video sequences, we used
MPEQG standard videos as summarized in Table 1. All test
video sequences are in the YCbCr 4:2:0 format. The
length of each sequence is 10 seconds.

Sequences Resolution Frame Rate | Total Frames
BQ Square 416x 240 60 600
Race Horse 416 x 240 30 300
Party Scene | 832 x 480 50 500
BQ Terrace | 1920 x 1080 60 600

Table 1. Test video sequences

Quantization Parameters (QP) of values 22, 27, 32 and 37
have been tested. These QP values was selected by MPEG
during HEVC standardization process.

Various scaling factors are tested to find the optimal
trade-off between the rate and distortion. In our tests, the
Lagrangian multiplier is modified by a scaling factor as:

Aproposed = ¢ X Amode (6)

where A,,0posea 18 the proposed Lagrangian multiplier in
our approach, A,,qe is the Lagrangian multiplier in
HEVC as defined in equation (3) and c is a scaling factor.
Scaling factors of 1.6, 4, 5.6, 8§, 12 and 16 have been
tested in this paper. Scaling factors below 1.6 leads to
high bitrates. Scaling factors above 16 results in low
quality in the compressed video. Fig. 1 shows the Rate
Distortion performance for video sequence BQSquare.
The quality of the video is measured with Mean PSNR-
HVS. PSNR-HVS has more correlation with subjective
tests than PSNR [16]. Fig. 1 shows that our proposed
method achieves higher quality at the same bitrate com-
pared to HEVC reference software over the full range of
Quantization Parameter (QP) values. For BQSquare video
sequence, scaling factor of 5.6 leads to higher bitrate sav-
ing compared to scaling factor of 1.6 or 16. As Fig. 1(b)
shows the improvements become more significant at
higher bitrates.

The average bitrate difference between the proposed and
reference rate-distortion curves is referred to Bjonte-
gaard’s Delta (BD) Rate [30]. A cubic polynomial approx-
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imation is derived using four data points (quality and
bitrate points). The difference between the two curves is
integrated in the horizontal direction for BD Rate. BD
Rate measures the average bitrate savings by the proposed
approach compared to the HEVC reference software.

The bitrate savings depend on the scaling factor. There is
a trade-off between minimizing distortion and the required
bitrate. This trade-off is controlled by the scaling factor
applied to A. As the scaling factor increases, more empha-
sis is given to the bitrate in the minimization process;
while lower scaling factors emphasizes more on lower
distortion values. Bitrate savings of the proposed approach
for video BQSquare based on different scaling factors is
summarized in Table 2.
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Fig. 1 Rate-Distortion Curves for BQSquare video sequence for
three different scaling factors. Quality is measured with Mean
PSNR-HVS. (a) Scaling factor=1.6. (b) Scaling factor=5.6. (c)
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Scaling factor 1.6 5.6 16
BD Rate -5.8% | -21.3% | -15.9%

Table 2. Bitrate saving of the proposed approach compared to
the reference HEVC software for different scaling factors for the
BQSquare video sequence.

To find the optimal scaling factor, bitrate savings versus
scaling factors are plotted in Fig. 2 for different video
sequences. For the video sequence RaceHorses, scaling
factor 5.6 show the most bitrate saving. However, scaling
factor 8 shows highest amount of bitrate saving for video
sequences of BQSquare, BQTerrace and PartyScene.
Thus, scaling factor 8 is selected for our proposed ap-
proach.

20

< BOSgaure
15F RaceHorses
B +  PartyScene
10F - < BQTerrace

BD Rate [%)

25 L L L L

scaling factor

Fig. 2 Bitrate savings versus the scaling factor for different
video sequences

Based on Fig. 2, for the video BQSquare, the amount of
bitrate saving changes very minimally as the scaling factor
sweeps the range of 4 to 12. The sensitivity of the bitrate
savings to the scaling factor can be analyzed based on Fig.
2. The slop of line tangent to the curves increases mono-
tonically by moving towards lower or higher scaling fac-
tors.

Table 3 shows the bitrate and their corresponding video
quality for the test video sequences with HEVC and the
proposed approach. Quantization parameters of 22, 27, 32
and 37 are used in this table. These results show that the
proposed approach can deliver the same video quality at a
lower bitrate. Thus, the proposed approach improves the
coding efficiency of the video coding.

Reference HEVC Proposed
QP Bitrate Quality Bitrate Quality
(kbps) (dB) (kbps) (dB)
22 2225.06 45.18 1362.82 44.20
27 772.30 39.79 541.38 39.34
32 308.49 35.19 240.54 35.10
37 126.62 30.87 120.57 31.09

Table 3. Bitrate and quality of the proposed method along with
the HEVC reference software for the test video sequence
BQSquare.

Integration of the quality metric inside the encoder
achieves higher compression efficiency at the expense of
more complexity. In this study, the complexity that is
introduced is taking DCT of blocks and applying a matrix
of frequency weighting. The encoding time of the pro-
posed approach along with the reference HEVC software
are reported in Table 4. It is worth noting that the same
QP will result in different bitrates with the reference soft-
ware and the proposed approach as reported in Table3.
For instance, encoding the BQSquare video with the ref-
erence software results in 2,225 kbps for QP=22. The
same QP value of 22, results in the bitrate of 1,362 kbps
when encoded with the proposed approach. Thus, differ-
ent bitrates also contribute to different encoding times
although the QP is the same.

Encoding Time (s)
QP Reference HEVC Proposed
22 3083.78 3218.59
27 2352.79 2533.15
32 1853.21 2020.79
37 1583.61 1764.24

Table 4. Comparison between encoding time of the proposed
algorithm and HEVC reference software

The results in Table 5 show the bitrate savings for each of
the video sequences. BQSquare results in the most BD
Rate followed by BQ Terrace. These video sequences
have less motion compared to the other two test videos.

Sequences Arate

BQ Square -21.3%

Race Horses -5.2%
Party Scene -9.3%
BQ Terrace -20.6%
Average -14.1%

Table 5. Rate reduction of the proposed method compared to
HEVC reference software (over QPs of 22, 27, 32 and 37)

Based on Table 5, the proposed approach results in the
average bitrate saving of 14.1% over the test sequences.

5. CONCLUSION

In this paper, we proposed to integrate a video quality
metric inside HEVC video coding standard. PSNR-HVS is
a quality metric based on the human visual system. We
used PSNR-HVS as the measure of distortion in the rate-
distortion optimization in the encoding process. The pro-
posed approach was tested on different standard video
sequences. The results show that our proposed scheme
requires on average 14.1% less bitrate with the same per-
ceived video quality compared to HEVC. In our future
work, we will investigate the dependency of the optimal
Lagrangian multiplier on different values of the quantiza-
tion parameter (QP) in our proposed approach.
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