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ABSTRACT

The major gain in video coding applications compared to single im-
age coding is the use of temporal prediction, which exploitsthe cor-
relation between adjacent frames. However, in high qualityvideo
coding, especially lossless video coding, the compressiongain of P-
frames over I-Frames becomes very small. The reason for thatis
that the reference frame for inter prediction is not good enough, and
therefore the amount of inter-predicted blocks in a P-Framebecomes
relatively small compared to the number of intra-predictedblocks. In
order to generate a better predictor for inter-prediction,we propose
to remove additive noise from the reference frame using an adaptive
Wiener filter. This way, we could achieve a maximum compression
gain of 4.6% and an average compression gain of 3.3% in contrast
to the H.264/AVC standard for lossless coding of high quality image
sequences without affecting the encoding time noticeably.

Index Terms— Lossless Video Compression, Predictor Denois-
ing, Motion Compensated Prediction

1. INTRODUCTION

Professional video aplications such as monitoring systemsfor build-
ings, industrial manufacturing, and medical applicationsneed video
signals with very high quality. These signals are likely to have very
high resolutions in spatial as well as temporal direction, so the un-
compressed data can become very large. For that, it is important to
compress these signals as much as possible without visible informa-
tion loss. For example, the DICOM standard which has been intro-
duced for medical applications uses the JPEG-LS [1] and the JPEG-
2000 [2] standards for high quality compression of medical images.
In Digital Cinema, the JPEG-2000 standard is used for compression
and archiving of digital video material. However, these standards do
not exploit the temporal correlation in image sequences.

Other recent video compression systems such as VC-1 [3] and
H.264/AVC [4] exploit the temporal correlation between images, but
they are optimized for consumer quality applications. In [5], the au-
thors compared the H.264/AVC standard with the JPEG-2000 stan-
dard when high resolution image sequences were coded with very
high quality. They showed that at very high quality inter-frame cod-
ing of H.264/AVC becomes less efficient relative to intra-frame cod-
ing of H.264/AVC or JPEG-2000. It is expected that the reasonfor
that is the (additive) noise within a video signal, which affects the
motion compensated prediction inside a video encoder/decoder. In
order to improve the coding efficiency, different algorithms (i.e., [6],

[7], [8]) have been proposed, which should be applied to the noisy
image sequences prior to encoding. In the latter it is shown that the
noise prefiltering can be done inside the video encoder. Thus, the
bitrate for coding a noisy image sequence is reduced while its sub-
jective quality is improved. However, the prefiltering process intro-
duces errors, which is not allowed in lossless compression of video
signals.

Another approach for bitrate reduction is in-loop filteringof
lossy encoded video data. In [9], [10] and [11] it is shown that in
lossy coding a deblocking filter or quantization noise removal filter
(the algorithms are developed for high quantization insidea video
encoder) can improve the coding efficiency as well as the visual
quality of the signal. Also in [12] the authors show that in-loop
denoising filter for reduction of impulse noise leads to bitrate reduc-
tion and subjective quality improvement. Because the mentioned
in-loop filters modify the visual output signal, they can notbe used
for lossless coding of image sequences.

In this paper, we want to show how the additive noise can be
minimized, whereas keeping the coding process lossless. Incontrast
to the mentioned algorithms, we do not modify the visual output
signal. Thus, it is possible to achieve a higher compressionrate for
lossless compression of video signals. We use an adaptive Wiener
filter, which is implemented in the spatial domain for denoising of
the reference frame only. This way we generate a better predictor for
inter-frame coding by a low commplexity algorithm.

2. DENOISING FOR MOTION COMPENSATION

In this section, the motivation for the denoising of the reference
frame will be reviewed and the denoising block in the encoderand
the decoder will be introduced. Figure 1 shows a block diagram
of a lossless video encoder. For simplification, the block diagram
is observed at one specific time point, where only one inter frame
g[x, y] has to be coded and another motion compensated reference
frame f̂ [x, y] is available. Lossless coding implies the absense of
quantization as it can be seen in this block diagram. The T-block
stands for any further decorrelation of the error signal (i.e., lossless
reversible transformation). ME/MC describes the motion estimation
and motion compensation within a video encoder. Thez−1-block
illustrates the reference picture buffer. The WF-Block is adenois-
ing filter, which will be introduced in this section. The EC block
describes the entropy encoder whithin a video encoder.

The subtraction of the motion compensated predicted frame
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Fig. 1. Diagram of the lossless encoder.

from the actual frame in a video encoder is described by the follow-
ing equation:

e[x, y] = g[x, y] − f̂ [x, y], (1)

wherex andy are the spatial coordinates,g[x, y] is the signal which
describes the actual frame which has to be compressed,f̂ [x, y] is the
predictor signal which describes the motion compensated reference
frame ande[x, y] is the error signal which has to be transmitted to
the decoder after transformation and entropy encoding. Assuming
that the image sequence is degraded by independent additivewhite
noise, the signals can be written as:

g[x, y] = sg[x, y] + ng [x, y], (2)

f̂ [x, y] = sf̂ [x, y] + nf̂ [x, y], (3)

wheresν is the useful part of the signal andnν is the noise part of
the signal. From (1), (2) and (3) it follows that

e[x, y] = sg[x, y] − sf̂ [x, y]
| {z }

se[x,y]

+

ng[x, y] − nf̂ [x, y]
| {z }

ne[x,y]

, (4)

From (4) it can be seen that the error signal consists of two major
components. The signal componentse[x, y] can be minimized if the
correlation between the actual noise-free frame and the noise-free
reference frame increases (i.e., no motion occurs between these two
images). However, the noise componentne[x, y] becomes higher
because the noise of the actual frame is independent from thenoise
of the reference frame. In case of additive white Gaussian noise, the
noise variance of the error image becomes twice as big as the noise
variance of one of these two images.

In lossless coding applications the noise part of the actualpic-
ture has also to be encoded. In order to increase the compression ef-
ficiency, the noise in the reference frame should be minimized with-
out introducing high degradations in the useful part of the signal.
This would allow to minimize the noise amount in the error signal
whereas keeping the coding process lossless.

The WF block, which is introduced in Fig. 1 is a denoising filter
for additive white Gaussian noise, is located on the same place in
the diagram as the usually used deblocking filter in lossy coding ap-
plications. Before saving the actual image to the referencebuffer it
should be processed by a denoising algorithm. The denoisingalgo-
rithm should be adapted to the noise nature present in the video. In
order to keep the coding process lossless, the same procedure should
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Fig. 2. Diagram of the lossless decoder.

be applied in the decoder. In Fig. 2, the diagram of the lossless de-
coder is shown. In this figure, the ED block stands for an entropy
decoder. Also in the decoder, the reference picture is first denoised
before it is stored in the reference picture buffer. The major differ-
ence to a quantization noise removal filter or deblocking filter is that
the image should be displayed before the noise filtering is applied,
because otherwise the encoding/decoding process would notbe loss-
less.

3. DESCRIPTION OF THE DENOISING ALGORITHM

In this section, the denoising algorithm within the denoising block
in Fig. 1 and 2 is described. We suggest an adaptive Wiener filter
algorithm to be used for reduction of the additive white noise in the
reference frame. The filter minimizes the squared error between the
noisy and the noise-free image sequence, which is the natureof a
Wiener filter for Gaussian distributed processes. Furthermore, the
filter prevents smoothing of contours by using of local statistics of
the image signal, which is important for accurate motion compen-
sation. Moreover, this filter algorithm does not need any transfor-
mation to a frequency domain, so it can be applied directly onthe
spatial signal.

In a local region where the signal and the additive noise are un-
correlated and are considered to be stationary, the Wiener filter is
described by

H(ejΩx , e
jΩy ) =

Φff (ejΩx , ejΩy )

Φff (ejΩx , ejΩy ) + Φnn(ejΩx , ejΩy )
, (5)

whereΦff (ejΩx , ejΩy ) andΦnn(ejΩx , ejΩy ) are the power spec-
tral densities of the signalf [x, y] and the noisen[x, y] respectively.
In the case of white noise the power spectral density is reduced to

Φnn(ejΩx , e
jΩy ) = σ

2
n, (6)

whereσ2
n is the space invariant variance of the noise signaln[x, y].

The signalf [x, y] can be modelled by a sum of a space variant local
meanµf [x, y] and a space variant local varianceσ2

f [x, y] (the reader
is refered to [13] for more details). If the signalf [x, y] is zero mean
the power spectral density within the local region is reduced to

Φff (ejΩx , e
jΩy ) = σ

2
f [x, y], (7)

whereσ2
f [x, y] is the local variance of the image signalf [x, y]. Thus

the Wiener filter within the local region is described by

H(ejΩx , e
jΩy ) =

σ2
f [x, y]

σ2
f [x, y]+σ2

n

. (8)

Generally, the signalf [x, y] is not zero mean and thus the mean
µf [x, y] has to be subtracted fromf [x, y] before filtering and has to



be added again after filtering. The filtering process is described by
the following equation:

p[x, y] = µf [x, y]+
σ2

f [x, y]

σ2
f [x, y]+σ2

n

· (g[x, y]−µf [x, y]) . (9)

The noise varianceσ2
n is assumed to be known (i.e., from the acqui-

sition process).
As the noise is considered to be zero mean,µf [x, y] should be

equal toµg[x, y] and the estimation of the local mean is reduced to:

µ̂f [x, y] =
1

(2M + 1)2

x+MX

k=x−M

y+MX

l=y−M

g[k, l], (10)

whereM describes the window size in which the image signal is
considered to be stationary. The estimation of the local variance of
the noise free image is described by the following equation:

σ̂
2
f [x, y] =


σ̂2

g [x, y]− σ2
n, if σ̂2

g [x, y] > σ2
n

0, else
, (11)

whereσ̂2
g [x, y] is the local variance of the degraded imageg[x, y].

The estimation of̂σ2
g [x, y] is described by the following equation:

σ̂
2
g [x, y] =

1

(2M + 1)2

x+MX

k=x−M

y+MX

l=y−M

(g[k, l] − µ̂f [x, y])2, (12)

From these equations it is clear that noise reduction is obtained
by averaging the pixel values in a rectangular window in dependancy
on the local signal and noise variances. Choosing a larger window
by variation ofM leads to higher noise reduction, but it also intro-
duces more blurring of the useful signal part. Therefore,M can be
considered as an optimization parameter for the lossless compres-
sion. Also the variation ofσ2

n can be considered as an optimization
parameter. Increasingσ2

n leads to higher noise reduction whereas
the useful signal part is more blurred.

The local filters in (9) - (12) have a low computational complex-
ity and therefore do not affect the encoding time noticeably.

4. SIMULATION RESULTS

Different simulations have been made in order to evaluate the effi-
ciency of the introduced denoising block. The proposed algorithm
in Section 3 was implemented in the H.264/AVC reference software
JM15.1 [14]. All of the presented test results above were generated
with the 4:4:4 predictive profile, which supports lossless encoding,
and the standard parameter sets for lossless encoding. In this section,
two test results will be presented.

In order to investigate the influence of the noise on the compres-
sion efficiency, we degraded computer generated image (CGI)se-
quences from [15] with different amount of additive white Gaussian
noise, and coded them afterwards. Here, we present the simulation
results for theBig Bucks Bunnysequence beginning with the frame
2000. This sequence has a resolution of 1920x1080 pixels, a color
bit depth of 8 bits per channel, and a framerate of 24 frames per sec-
ond. 100 frames of the sequence were coded. The first frame was
coded as I-frame and the adjacent 99 frames were coded as P-frames.
For coding of the P-frames, 5 reference frames were used.

First, the sequence was coded with the reference software
JM15.1. Afterwards, the same sequence was coded with the pro-
posed coding scheme in Section 2. For denoising of the reference

frame we have used the algorithm which is described in Section 3.
A uniform window of 3x3 pixels was chosen for the calculationof
the local statistics (M = 1). The knowledge ofσ2

n of the noise
within the degraded image was used for denoising of the reference
frame. Because in this case the noise-free image sequence isavail-
able too, it is possible to show a theoretical bound according to
the argumentation in Section 2. Therefore, the noise-free image
sequence was used for motion compensated prediction of the noisy
image sequence. This way, it is possible to minimize the noise in
the error signal. The coded sequence has very low motion activity,
so the bitrate for P-frames should be much lower than the bitrate for
I-frames. In the case of the noise-free image sequence, the bitrate
for the I-frame is 2.12 bpp (Y-channel) and the average bitrate for
the P-frames is 1.11 bpp (Y-channel). The coding results forthis se-
quence degraded by additive white Gaussian noise can be observed
in Figure 3. The figure shows the bitrate in dependency of the noise
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Fig. 3. Influence of the additive white Gaussian noise within an
image sequence on the compression efficiency.

variance within the image sequence that has to be coded. The lower
a curve is located in this figure, the higher is the compression ratio.
The bitrates of H.264 standard, H.264 with adaptive Wiener filtering
of the reference frame, and H.264 with the use of the ideal noise-free
reference frame are compared in Fig. 3.

It is not surprising that the compression efficiency decreases
with a growing noise variance in general. Also, it is clear that the
efficiency of P-frames compared to I-frames becomes less, ifmore
uncorrelated noise between adjacent frames is present in the video
signal. However, the curves determine that the compressiongain
of the P-frames over the I-frame decreases rapidly when the H.264
standard is used. If the reference frame is filtered by the adaptive
Wiener filter before motion compensated prediction, the average bi-
trate for the P-frames becomes noticeably lower than the bitrate for
the I-frame. For example, if the Y-signal contains additivewhite
Gaussian noise with a variance of 21.4, an average H.264 standard
conform coded P-frame saves about 1.8% of bitrate in comparison to
the I-frame. When the proposed algorithm is used for denoising of
the reference frame, an average P-frame saves about 5.2% of bitrate,
and if the ideal denoised reference frame is used the bitratesavings
for an average P-frame is about 6.7%.

As mentioned in the previous section, the test results can be
improved by variation of the parameterσ2

n of the adaptive Wiener



filter. Coding of the above mentioned sequences usingσ2
n,par =

1.6 · σ2
n,seq leads to slightly better compression results. For exam-

ple, if the luminance channel of theBig Bucks Bunnysequence is
degradded by additive white gaussian noise withσ2

n,seq = 1.65 ad-
justing the parameter toσ2

n,par = 2.64 results in additionally 0.5%
bitrate savings.

Usually, image sequences that are acquired by a physical pro-
cess can be considered to be degraded by noise caused throughthe
acquisition process (i.e., sensor noise, amplifier noise, quantization
noise, ...). Therefore, we applied the proposed coding scheme also
for lossless coding of natural test sequences without degrading them
artificially. The following test results are based on high resolution
test image sequences from [16]. The sequences have a spatialres-
olution of 3840x2160 pixels, a color bit depth of 8 bit per channel
(original bit depth is 16 bit per channel) and a frame rate of 50 frames
per second. For generation of the test results, we have used the same
settings as mentioned before. It is worth to mention here that chang-
ing of different settings did not affect the gain accomplished by our
algorithm noticeably. The compression results can be observed in
Table 1.

Table 1. Compression results for high definition sequences. (σ̂2
n is

the noise variance to be used for filtering, I is the bitrate for I-frames,
P orig. is the average bitrate for P-frames achieved by the standard,
P mod. is the average bitrate for P-frames achieved by the modified
algorithm and G is the gain of P mod. over P orig. in%)

Sequence σ̂2
n

Y-bitrate in bits per pixel
G [%]I P orig. P mod.

ParkJoy 10 4.53 4.33 4.23 2.03
CrowdRun 30 4.62 4.44 4.30 3.15
InToTree 50 4.51 4.40 4.25 3.41
OldTownCross 60 5.00 4.96 4.73 4.64
DucksTakeOff 80 5.26 5.22 5.05 3.26

Generally it can be observed that our algorithm provides bet-
ter compression results than the H.264/AVC standard. Underthe
assumptions of additive and white noise, the proposed algorithm
achieves bitrate savings of up to 4.6% (forOldTownCross) in com-
parisson to H.264/AVC for P-frames and up to 6.9% (forCrowdRun)
in comparison to Intra-Only coded sequence.

5. CONCLUSIONS

In this paper, we have shown how the bitrate of a lossless encoded
video can be decreased by reducing noise in the reference frame. We
have used the adaptive Wiener filter for denoising of the reference
frame. The test results have shown that significant bitrate savings can
be achieved. In the future, we are going to work on better adaptive
filter algorithms for denoising of the reference frame.
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