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Abstract— An integer transform is used in lossless-lossy
coding since it can reconstruct an input signal without any loss at
output of the backward transform. Recently, its number of
lifting steps is reduced as well as delay from input to output
introducing multi-dimensional memory accessing. However it
has a problem that quality of the reconstructed signal in lossy
coding has its upper bound in the rate distortion curve. This is
because the noise generated by rounding operations in each
lifting step inside the integer transform does not contribute to
data compression. This paper tries to reduce the rounding noise
observed at output of the integer transform introducing channel
scaling inside the transform. As a result of experiments, it was
observed that the proposed method improves quality of the
decoded signal in lossy coding mode.

L INTRODUCTION

This paper deals with a picture quality degradation problem
due to integer implementation of a three dimensional (3D)
lifting wavelet transform (WT). In an integer implementation,
signal values inside the transform are rounded to integers.
Shorter word length of the integer contributes to smaller
memory space and faster calculation [1,2]. However it
generates noise due to the rounding (rounding noise).

In the lifting WT, the rounding noise does not appear at
output of the backward transform as far as the output signal
values of the forward WT are fed into the backward WT
without any alteration. Therefore it is applied to lossless
coding of signals. Lossless coding based on the 5/3 WT in the
JPEG 2000 is an example for this case [3]. However the
rounding noise appears at output of the backward WT in lossy
coding in which the quantization and its inverse are inserted
between the forward WT and the backward WT. Lossy coding
based on the 9/7 WT is an example for this case [3].

Unlike the quantization noise, the rounding noise is
independent of the bit rate (compression ratio). Therefore the
rounding noise appears as the upper bound of the rate
distortion curve (the bit rate versus the peak signal to noise
ratio) in high bit rate lossy coding. This paper tries to reduce
the rounding noise of the minimum lifting WT by introducing
the channel scaling to increase the upper bound.

Recently, based on non-separable structure [4,5], the
minimum lifting WT which has less number of lifting steps in
cascade comparing to the conventional separable structure has
been reported [6-11]. It contributes to reduce delay from input
to output under a parallel signal processing architecture. This
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is because a lifting step must wait for a calculation result of
the previous lifting step.

The minimum lifting WT based on the 5/3 WT was been
reported for 2D signals in [6]. It was extended to 3D signals
in [7]. In both cases, the total number of lifting steps was
decreased as well as the variance of the rounding noise.
Similarly, the minimum lifting 2D WT based on the 9/7 WT
was reported in [8-10]. It was extended to 3D case in [11].
However, unlike the 5/3 WT, the variance of the rounding
noise is increased in the 9/7 WT even though the number of
lifting steps is decreased.

This paper reduces the rounding noise of the minimum
lifting WT based on the 9/7 WT for 3D case by introducing
channel scaling. The 3D WT has eight channels. In all
channels, the maximum absolute value (MAV) of signals
inside the transform is limited by word length of signals in its
integer implementation. Using a fact that MAV in each
channel is not the same, we introduce different scaling in each
channel. The channel scaling is designed so that 1) each
channel has almost the same MAV inside the transform, 2)
output signal values of the transform are not changed, and 3)
rounding noises generated inside the transform are reduced at
output of the transform.

II.  MINIMUM LIFTING WAVELET

Figure 1 illustrates the forward transform of the 3D WT
based on the “separable” structure. The input signal

Ni=1 Ny—1 Nyl

X@)=), D D x(m)z"zz"

m=0 n,=0 ny=0

(1

where (z)=(zy, z,, z3) and (m)=(n,, 1y, n3) is decomposed into 8
subgroups Xooo, Xoo1,"**,X111 depending on parity of the pixel
location (m). In its integer implementation, signal values are
multiplied with 2° and rounded to integers. In the 1st lifting
step, Xigo in channel (Ch) 5 is predicted from Xy in Chl with
a filter V. Note that signal values of the prediction are
rounded to integers. Similarly, Ch6, Ch7 and Ch8 are
predicted from Ch2, Ch3 and Ch4, respectively. There
predictions are performed simultaneously under a parallel
processing platform. However the updating in the 2nd lifting
must wait for calculation results of the 1st lifting step. It
means that this structure takes long delay from input to output
since it has 12 lifting steps.
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Figure 2 illustrates the forward transform of the 3D WT
based on the “non-separable” structure [11]. In this structure,
the total number of the lifting steps is reduced from 12 to 8. It
contributes to decrease the delay. If there is no rounding, both
of Fig. 1 and Fig. 2 have the same output for the same input.
However, if F is very small, they have different amount of the
rounding noise at their output. Unfortunately, Fig. 2 has
greater amount of the rounding noise even though the number
of lifting steps is decreased comparing to Fig. 1. This paper
tries to reduce the variance of the rounding noise at output of
the transform by introducing the channel scaling explained in
the next section.
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Note that the filters Vi, V,, V3, V4 are defined as
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2
Similarly, other filters are defined as
Hy(@)| | h,(1+2 Dy(@)] _|h,(1+2z3" 3
’ Dq(z) hq(l'i‘Z;rl ’

Hq(z) hq(1+Z;1
where the filter coefficients /4, and %, are defined in the JPEG
2000 as the 9/7 WT as well as the coefficient £ in the figure.
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Fig. 2 Non-separable 3D structure without channel scaling (existing method).

978-988-14768-0-702015 APSIPA

889

APSIPA ASC 2015



Proceedings of APSIPA Annual Summit and Conference 2015

16-19 December 2015

2F 5, k32 s,
How 17 H,D V,D HTD VT DT rf N .
s s s s s

2, 11 Dys18 1Y1516 Y1514 1515 12 Dzs211 D4s21 1 2F g,
Xoo1 —P? ) 1 | ; ¢ - ¢ LLH

P ViHisyy  ViHis;; [ Visye [Hysy Hysjs Hyss, Hyss, AF

_%; 5 . o k12" s,

Xoto ; 1 1 D'ls34 3 Do LHL

24 g VD53 Vis3 ] D,sy; Hysy, -H,Dys, -H,Dys,, KH 2F g -1

4 3 l —_— l 4
Xoy —P® 1 * LHH

Vs V,s Vs

_%;FSS 1748 . V83 25 . 4738 k127 5
Haon T H,D Dssq y Y V,D V,D - "

_%;Fs 1P1558 . Dzies 2562 “Va 2S611 “VaDySer K12 1
Xio1 > 1 Hos, ¢ i v HLH

F H1S68 Ll H,s¢6 H2S75 'V2D2583 - VallySyy - VaySy K oF gl

20 % . 1275,
Xipp 7 I') | T ¢ o > Y HHL

1578 D,s V,sqs  -HyDys -V,H,s +V,H,D,s

2F g Ax 2587 2184 212835 2 2182 +V2H2D2sf“ 414483 K32 F g1

Xy TP - HHH
NS N — —
1 2 3 4 5,6,7 8

Fig. 3 Non-separable 3D structure with channel scaling (proposed method).

III. PROPOSED METHOD

Figure 3 illustrates the proposed method. It has the
minimum number of the lifting steps as the same as the
existing method in Fig. 2. Unlike the existing method, the
scaling parameters s;, s,,---, s are introduced so that each

channel has almost the same maximum absolute value (MAYV).

If there is no such scaling, each channel has different MAV. It
means that the dynamic range for signal values of the integer
implementation is not fully utilized inside the transform. Fig.
3 also has other parameters

Spg =541, for p,geil,2,---8}. 4)

Those are introduced so that output signal values of the
transform becomes the same as the existing method if there is
no rounding noise.

In the proposed method, signal values are multiplied with
different parameters s, in each channel before the 1st lifting
step. In the inter channel prediction and up-dating, scales are
balanced with other parameters s,,. Finally, both of the signal
value and the rounding noise are divided with the parameters
s, in each channel. As a result, the rounding noise generated
inside the transform is reduced at output of the transform
without changing the signal values.

In detail, MAV m,, in channel pe {1,2,---,8} of the existing
method are measured for an input signal. Next, the parameters
s, are set as

Sy =max{ml, My, -, Mg }-mp

(&)

As a result, the parameters of this channel scaling becomes
greater than or equal to one. In contrast, the existing method
sets all parameters to one.
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IV. EXPERIMENTAL RESULTS

In the following experiments, a 3D AR(1) model was used
as the input signal to the forward WT. Its auto-correlation
coefficient was set to p = 0.9. The range of signal values is set
to [-128, 127], namely 8 bit depth.

Figure 4 summarizes MAV in each channel at /=0. Before
the channel scaling (scl OFF), each channel had different
MAV. After, the channel scaling (scl ON), all channels have
almost the same MAV (=1024). It means that the dynamic
range [-1024, 1023] of signal values at each channel in 11 bit-
depth integer implementation is fully utilized.

Figure 5 summarizes the variance of the rounding noise
measured at output of the forward WT in each channel at F=0.
For example, the variance is reduced from 6.1 to 1.62 in
channel 8. In average, it is reduced from 3.13 to 0.56. it was
observed that the rounding noise is reduced to 17.9 (%) at
output of the forward WT by the channel scaling.

Figure 6 illustrates the rate-distortion curves. The
horizontal axis and the vertical axis indicates the bit rate (=
compressed data volume) and the peak signal to noise ratio
(PSNR), respectively. Both of the forward and the backward
transforms are implemented as integer transforms at F=0.
After the forward transform, the quantization and the entropy
coding are embedded to compress its data volume. It was
observed that quality of decoded signals measured with PSNR
is improved from 43.0 (dB) to 46.6 (dB) at 4.14 (bpp).
Quality of decoded signals in high quality (= high bit rate)
lossy coding is improved by the proposed method.

Figure 7 indicates the bit depth = log,(MAV) +1 +F (bit)
versus PSNR of the output signal from the backward WT at
F=8 and the forward WT at F=0. There is no quantization
between them. It was observed that the proposed method
reduces the rounding noise by 4 (dB).
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Fig. 7 Quality of decoded signals versus word length of integers.
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V. CONCLUSIONS

The channel scaling was introduced to the minimum lifting
WT based on the non-separable 3D structure. It was designed
so that the dynamic range of signal values at each channel of
the transform in integer implementation is fully utilized. It
was confirmed that the variance of the rounding noise was
decreased at output of the transform. Analysis on rounding
should be extended to multiplier coefficients as in [12], since
it is limited to signal values in this paper.

This work was supported by JSPS KAKENHI Grant
Number 26289117.
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