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Abstract— Substantial rate-distortion (RD) gains have been
achieved in video coding standards by increasing the encoder
complexity while maintaining the decoder complexity the lowest
possible. On the other hand, the alternative distributed video
coding (DVC) approach proposes to exploit the video redundancy
mostly at the decoder side, keeping the encoder as simple as
possible. One of the most characteristic DVC tools is the statistical
reconstruction of the DCT coefficients, which plays a similar role
to the inverse scalar quantization (ISQ) in predictive codecs. The
main objective of this paper is to propose a statistical
reconstruction approach for predictive coding (notably the
H.264/AVC standard) as a substitute to ISQ, thus creating a
coding architecture with a mix of predictive and distributed coding
tools. Experimental results show that the proposed statistical
reconstruction solution allows achieving Bjontegaard bitrate
savings up to 2.4% regarding the ISQ based H.264/AVC High
profile codec.

Index Terms—H.264/AVC, predictive video coding, distributed
video coding, inverse scalar quantization, statistical reconstruction

I. INTRODUCTION

As for the previous video coding standards, the H.264/AVC
standard [1] adopts a predictive coding paradigm combining
temporal prediction with a spatial transform, quantization and
entropy coding to achieve good rate-distortion (RD)
performance. The complexity associated to this process lies
mostly at the encoder side, keeping the decoder as simple as
possible. An alternative video coding approach, the so-called
distributed video coding (DVC), aims at lowering the
complexity associated to the video encoders by exploiting the
correlation of video signals mainly at the decoder side [2].
While many well know tools used in the predictive video
coding paradigm have been integrated in DVC solutions, it
became clear at some stage that also some novel tools typically
used in DVC, such as the statistical reconstruction, could be
integrated in predictive video coding. These tools may be used
with the expectation of improving the predictive video coding
RD performance, eventually also changing the asymmetric
balance between encoder and decoder complexity.

In predictive video coding, the decoded frame is obtained by
summing the Intra/Inter predicted frame (obtained with the
modes/motion vectors sent by the encoder) with the residual
frame (obtained by entropy decoding followed by inverse scalar
quantization and inverse DCT of the residual). However, it is
possible to employ a (DVC based) statistical reconstruction as a
substitute of the inverse scalar quantization (ISQ) assuming that
the side information (SI) is the Intra/Inter predicted frame and
characterizing the correlation between the frame to be coded
and the SI by a statistical model. In the context of the DVC
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paradigm, SI is an estimate of the original frame (source) to
code, made at the decoder, based on already decoded
information [2] and its quality as a major impact on the final
RD performance. The same happens with the predictive coding
SI, this means the prediction frame, which again has a major
impact on the final RD performance. While in DVC the SI is
only available at the decoder, in predictive coding the prediction
SI is available at both sides.

In this context, the main goal of this paper is to propose a
statistical reconstruction approach for predictive coding,
notably in the context of the H.264/AVC standard, as a
replacement to the usual (normative) ISQ approach, thus
creating a video coding architecture where a mix of predictive
and distributed coding tools coexists. The proposed statistical
reconstruction solution adopts a Laplacian correlation model for
the discrete cosine transform (DCT) residuals and estimates the
model parameter best fitting the DCT residuals. This approach
exploits the correlation noise statistics between the source and
the prediction taken as the SI, thus improving the reconstruction
process of the quantized DCT coefficients, and thus the final
RD performance.

This paper is organized as follows: Section II briefly reviews
the relevant aspects of the H.264/AVC quantization and DVC
reconstruction processes. Next, Section III presents the
proposed video codec architecture while Section IV describes in
detail the novel video coding tools. Experimental results are
presented and analysed in Section V. Finally, Section VI
concludes this paper including also possible future work.

II. BACKGROUND REVIEW

This section briefly presents some relevant background
information on the H.264/AVC quantization and DVC
reconstruction processes.

A. H.264/AVC Quantization

The regular (non-normative) quantization process used in the
H.264/AVC reference software [3] quantizes the residual DCT
coefficients R(u,v) according to (1) and (2), generating a block
of quantized residual DCT coefficients, R, (u, v).

|Rq(w, )| = (IR(w, V)IAQu, u, v) + f2154%) » (15+Qx) (1)
sign{Rq (u,v)} = sign{R(w, v)} 2)

In (1), Qy = QP mod 6, @z = QP/6, where QP is the quantization
parameter, (u,v) stands for the DCT coefficient position within
the block, A(Quy,u, v) is a H.264/AVC tabled value associated to
the quantization operation, which depends on the QP value and
DCT coefficient position, and f is the parameter controlling the
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quantization bin width around zero (the so-called dead-zone);
typically, f is 1/3 for Intra blocks and 1/6 for Inter blocks [3]. In
(1), » represents a binary shift right, which is equivalent to a
division operation in integer arithmetic. In (2), sign{x} stands
for the signal operator.

The ISQ process has to recover a specific value to represent
the decoded quantization bin. In H.264/AVC, the ISQ of the
residual DCT coefficients is obtained from

3)

where B(Qy,u,v) is a H.264/AVC tabled value associated to the
ISQ operation, which depends on the QP value and DCT
coefficient position.

R.(w,v) = {[Ry(u, V)B(Qu, u, V)] K Qg + 23} > 4

B. DVC Statistical Reconstruction

Again, the DVC statistical reconstruction has the target to
recover a specific value to represent the decoded quantization
bin. However, the DVC statistical reconstruction approach [2]
exploits the correlation model between the original source and
the SI to minimize the mean-squared error (MSE) of the
reconstructed samples given the decoded quantization bin ¢’ as
in (4)
flux px|Y(x|Y) dx

flup(le) dx

where X, is the reconstructed DCT coefficient, Y is the
corresponding SI DCT coefficient, E[.] is the expectation
operator and [ and u represent the lower and upper bounds of ¢,
respectively. In (4), the conditional probability density function
Pxy () models the residual statistics between corresponding
coefficients of the original and SI frames; as usual in the DVC
literature, p,y (.) is assumed to be a Laplacian distribution [2].

X, =E[x|q, Y] = “4)

II1. PREDICTIVE VIDEO CODEC WITH STATISTICAL
RECONSTRUCTION: ARCHITECTURE

The high-level encoder and decoder architectures of the
proposed predictive video codec with statistical reconstruction
are illustrated in Fig. 1 and Fig. 2. The proposed codec
architecture is based on a standard H.264/AVC codec design
where the highlighted modules correspond to the major
contributions of this paper briefly described next:

e Optimal Transform, Scaling and Quantization: This step
takes the prediction P (which is playing the role of the SI in a
DVC codec) and brings it to the DCT domain while
quantizing it with QP = 0; the quantization process is applied
as in the regular H.264/AVC codec, which means the
transform and quantization processes cannot be separated.

® Residual Statistical Modelling: This step estimates the
Laplacian model parameter best fitting the received DCT
residuals; this is very different from a DVC codec where no
residuals are ever received and thus they have to be estimated
at the decoder.

e Statistical Reconstruction: Finally, the source DCT
coefficients are statistically reconstructed given the
transformed P and the statistical model previously obtained.
Note that, in the proposed codec, the reconstructed source
DCT coefficients still have to be fed to the Scaling and
Inverse Transform module while in the regular H.264/AVC
codec that module acts over the residual DCT coefficients, R,.

Since this is a predictive codec where the encoder and
decoder have to be always in perfect prediction synchronism, all
modules inserted at the decoder have to be replicated at the
encoder to obtain the same reference (decoded) frames and
guarantee the mentioned synchronism. In the next section, the
novel modules are described in detail.
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Fig. 1 High-level encoder architecture of the proposed video coding solution.
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Fig. 2 High-level decoder architecture of the proposed video coding solution.

IV.PREDICTIVE VIDEO CODEC WITH STATISTICAL
RECONSTRUCTION: NOVEL CODING TOOLS

This section describes the operational details of the three
modules associated to the novel reconstruction.

A. Optimal Transform, Scaling and Quantization

This module aims at converting the pixel based prediction
(created with the encoder available and decoder received coding
modes and motion vectors) to the DCT domain while
quantizing it with QP = 0, i.e. the finest quantization possible,
thus the attribute ‘optimal’. This ‘ideally’ quantized DCT
domain prediction avoids any quantization error, thus allowing
to obtain the best transform domain ‘SI’, while reusing the
transform, scaling and quantization operations performed in a
regular H.264/AVC codec. In this context, each 4x4 luma block
within a prediction macroblock (MB) is first transformed using
a 4x4 integer DCT transform. After, the prediction DCT
coefficients are scaled and quantized according to (1) and (2),
generating a 4x4 block of quantized prediction DCT
coefficients, P;; P, (u,v) is also known as level or quantization
bin. The ISQ of the prediction DCT coefficients is obtained
from (3) with R, replaced by P,.

B. Residual Statistical Modelling

As usual in predictive video coding, a Laplacian distribution
as in (5) is used to model the residual DCT coefficients
distribution, R [4]; in (5), a stands for the Laplacian distribution
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parameter.
a
p(R) = 7 &xp (—alRD) 5)

The a parameter can be estimated using the maximum
likelihood method [5] as in (6) where N represents the number
of coefficients at the given DCT band for the full frame and Ry,
is the kth DCT coefficient value of that band:

) N )
a ==
ML= SR ©

From (6), different o values are obtained for each residual
DCT band, but the same value for the same band in all the
blocks of the full frame. However, to better adapt to the
changing statistics within a DCT band, this means along
space/frame, it is proposed here to (decoder) estimate the «
parameter at the DCT coefficient level, i.e. each residual DCT
coefficient will have a different a value associated to it. In this
case, adopting a finer modelling does not have any rate
implications as the a parameter values are decoder estimated.
Thus, the proposed a parameter estimation is performed at the
DCT coefficient level for each coefficient within each 4x4
(luma) block in a MB as follows:
¢ Residual DCT coefficients ISQ — First, the residual DCT

coefficients are inverse quantized according to (3).
¢ DCT coefficients statistics accumulation — Then, the sum of

the absolute values of R,.(u, v) for each DCT band (u, v) over

the Nprey piocks 44 blocks encoded/decoded so far (within a

MB) is computed according to

Nprev_blocks

V(u,v) = Z |Ry s (u, v)| - (7

k=1

In (7), Nprev blocks can vary between 1 and 16. While it would
be possible to consider all the previously coded/decoded MBs,
e.g. in the frame or sequence, in the a estimation process, this
would likely contemplate R, values whose order of magnitude
is quite different from the one in the current MB (thus outlier
residuals). In statistical model parameter(s) estimation
processes, outliers are in general responsible for lowering the
statistical model accuracy and, therefore, should be avoided.
For this reason, the a estimation technique proposed here
considers only the data meanwhile available for the current
MB.

a parameter estimation — Finally, the a parameter for the
(u, v) DCT coefficient is obtained from

Nprev_blocks

alu,v) = Vo) (8)

Although sharing some similarity with (6), the o parameter
estimation approach proposed in (8) allows a finer adaptation
to the residual changing statistics within a band as each DCT
coefficient has a specific o parameter associated to it.

As the proposed statistical reconstruction is expected to
improve the predictive video coding reconstructed quality, it
makes sense to apply it as the MB coding process evolves to
allow creating better predictions. Note that when Intra 4x4
prediction is used, prior reconstructed samples in adjacent
blocks are used to create the prediction for a given 4x4 block.
Thus, to perform the DCT coefficients (statistical)

reconstruction as the coding process evolves, it is necessary to
update V(u, v) as the MB coding process takes place.

The @&(u,v) values obtained will be then used by the
statistical reconstruction module to obtain the reconstructed
DCT coefficients, as it will be seen in the next section.

C. Statistical Reconstruction

Finally, the statistical reconstruction module includes two
main steps, the DCT coefficients reconstruction bin bounds
computation, and the DCT coefficients reconstruction, which
will be described in detail in the following.

1) DCT Coefficients Reconstruction Bin Bounds Computation:
The (source, not residuals) DCT coefficients reconstruction bin
bounds are obtained from the residual DCT coefficients
reconstruction bin bounds and the prediction DCT coefficients,
since this data is available at both the encoder and decoder sides.
For this purpose, the following steps are performed:

e Residual DCT coefficients reconstruction bin width
computation — First, the width of the residual DCT
coefficients reconstruction bin, i.e. the quantization step size
A(u,v), is computed. Although the quantization step size can
be computed from the QP sent in the bitstream, the resulting
value will not be scaled to the order of magnitude of the DCT
coefficients for which the reconstruction bin bounds have to
be computed; recall that quantization is performed over scaled
DCT coefficients (see Fig. 1). Thus, it is proposed here to
compute A(u,v) as the difference between the inverse
quantized values of any two adjacent residual DCT
coefficients bins for a given band; note that the ISQ operation
is performed as in (3).

Residual DCT coefficients reconstruction bin bounds
computation — The lower (L) and upper (Ug) bounds of the
bin where the residual DCT coefficient is reconstructed are
obtained from (9)-(11). Those equations express the fact that
the standard H.264/AVC inverse scalar quantization recovers
the residual DCT coefficients at a distance fXA of the bin
lower bound and the dead-zone width is equal to 2A(1-f) [3].

215+Qk , sign(bin) = —1 )

15+Qfg
Ur(w,v) = R (u,v) + fZ— A
Lrp(u,v) = Ug(u,v) — A

{UR(u,v)=2A><(1—f215+QE)/2 an(bin) = 0
Lr(u,v) = —Ugx(u,v) ' S (10)
15+Qg
{LR(u‘ v) = Ry(u,v) = 215408 A sign(bin) =1 (11)
Urg(w,v) = Lg(u,v) + A

DCT coefficients reconstruction bin bounds computation —
Finally, the lower (L) and upper (U) bounds of the bin where
the DCT coefficient will be reconstructed are obtained from
(12). Basically, by shifting the residual DCT coefficients
reconstruction bin bounds (previously computed) according to
the reconstructed prediction value B. (u,v), the bin bounds

where the (input video) DCT coefficient should be
reconstructed can be found.
{L(u, v) = Lg(u,v) + B-(u,v) (12)
U(u,v) = Ug(u,v) + B-(u,v)
2) DCT  Coefficients  Reconstruction:  Finally, the
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reconstructed DCT coefficients, X, (u, v), are obtained from

( 1 A

L+E+1_eam , b-<L
1 1
V+—)e‘“1’_(5+_)ea5
o e 3 13
r {Pr+ 2 — (e~ — ¢%9) , B-e[LU[ (13)
1 A
T a , B.2U

a 1—ead -

which corresponds to the closed form derived from the
statistical reconstruction solution presented in Section II.B used
to avoid numerical computation of the integrals. In (13), the
indices (u,v) are omitted just to make it less dense. In (13),
§=U,v)—PB (w,v) and y = B, (w,v) — L(u,v). As it can be
observed from (13), the (statistically) reconstructed DCT
coefficient value X, (u,v) depends on the prediction P. (SI)
location. Since the reconstructed value obtained from (13)
corresponds to the minimum MSE estimate of the original DCT
coefficient X (u, v), the statistical reconstruction approach should
allow improving the decoded video quality and the overall
video codec RD performance.

V. PERFORMANCE ASSESSMENT

To evaluate the proposed video coding solution, the novel
tools described in Section IV have been integrated in the
H.264/AVC reference software (JM 18.3).

A. Test Conditions

The detailed test conditions are summarized in Table I and
correspond to representative conditions. Fig. 3 shows the first
frame of each test video sequence. The compression efficiency
gains are measured with Bjontegaard deltas for the bitrate (BD-
Rate) and PSNR (BD-PSNR) [6]. The H.264/AVC High profile
(with normative ISQ) is adopted as performance benchmark.

o 3!

@ G
Fig. 3 First frame of the selected video sequences: (a) Night, (b) City, (c) Big
Ships, and (d) Shuttle Start.

TABLE I

TEST CONDITIONS
Sequences Night, City, Shuttle Start and Big Ships
IResolution 1280x720@60Hz
INo. of Frames 151
GOP size 15
GOP structure IBBPBBP...
QPI (QPp=QP+1; QPz=QP;+2) 10, 12, 14, 18, 24, 30, 36, 42, 48
Transform Size 4x4
INo. of Reference Frames 4
Other Encoder Tools RDO On, CABAC enabled

B. RD Performance Results and Analysis

Table II shows the RD performance of the proposed
predictive video coding solution with statistical reconstruction
versus the adopted benchmark. From Table II, it can be
concluded that the proposed video coding solution outperforms
the reference software H.264/AVC High profile solution for all
the test sequences, with bitrate savings up to 2.4%. Higher
coding gains are observed for the more detailed sequences, such
as Night and City, and higher bitrates (i.e. lower quantization

step sizes), where it is more difficult for the rigid H.264/AVC
ISQ function, which recovers the residual DCT coefficients
always at a fixed distance from the quantization bin lower
bound, to minimize the (quantization) distortion. In fact, the
exploitation of the correlation statistics between the source and
the prediction (SI) is more beneficial for distortion
minimization purposes, thus allowing to increase the
reconstructed PSNR for a similar bitrate.
TABLE II

BJONTEGAARD METRIC RESULTS FOR H.264/AVC + STATISTICAL
RECONSTRUCTION VS H.264/AVC

H.264/AVC H.264/AVC+Stat. Bjontegaard
(Reference codec) |Rec. (Proposed codec) Metric

Seq. Rate | PSNR | Rate | PSNR P‘;g'R I]zz;

[kbps] [dB] [kbps] [dB] [dB] (%]
116141.65| 4930 |116129.83 | 49.83

Night 42993.94 42.75 43123.83 42.94 014 238
14671.87 38.61 14713.41 38.67
2590.86 31.95 2581.04 31.98
119723.08 | 48.73 119955.45 | 49.29
77718.95 45.49 78034.36 45.84

City 10845.05 37.66 10879.08 37.68 0.10 217
1851.61 31.09 1849.68 31.09
56096.32 49.89 56158.14 50.12
Shuttle | 27255.46 47.00 27095.45 47.08

0.09 -1.72
Start 1497.99 38.90 1481.28 38.93
159.33 27.88 160.76 28.15
104309.03 | 48.72 | 104252.83 | 49.01

Big Ships 26150.79 41.97 25651.33 42.02 0.07 1.60
2863.85 35.37 2843.29 35.39
247.77 26.33 255.36 26.39

VI. CONCLUSIONS

This paper proposes a statistical reconstruction solution,
similar to the one used in DVC, to replace the ISQ in the
context of the H.264/AVC standard. Experimental results show
that the proposed solution allows achieving BD-Rate savings up
to 2.4% regarding H.264/AVC High profile. As future work, it
is planned to extend the proposed statistical reconstruction
solution to the recently emerged HEVC (High Efficiency Video
Coding) standard aiming to improve the RD performance.
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