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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. 

I. 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 

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  
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where (z)=(z1, z2, z3) and (n)=(n1, n2, n3) is decomposed into 8 
subgroups X000, X001, ,X111 depending on parity of the pixel 
location (n). In its integer implementation, signal values are 
multiplied with 2F and rounded to integers. In the 1st lifting 
step, X100 in channel (Ch) 5 is predicted from X000 in Ch1 with 
a filter V1. 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. 

    Note that the filters V1, V2, V3, V4 are defined as 
 

4,2,3,1,
)1(

)1(

)(

)(
1

1

1
1 





























qp
zh

zh

V

V

q

p

q

p

z

z
.          (2) 

 
Similarly, other filters are defined as 
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where the filter coefficients hp and hq are defined in the JPEG 
2000 as the 9/7 WT as well as the coefficient k in the figure. 
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Fig. 1  Separable 3D structure 
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Fig. 2  Non-separable 3D structure without channel scaling (existing method). 
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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 s1, s2, , s8 are introduced so that each 
channel has almost the same maximum absolute value (MAV). 
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  

 
}8,,2,1{,/  qpforsss pqpq .             (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 sp in each channel before the 1st lifting 
step. In the inter channel prediction and up-dating, scales are 
balanced with other parameters spq. Finally, both of the signal 
value and the rounding noise are divided with the parameters 
sp 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 mp in channel p{1,2, ,8} of the existing 
method are measured for an input signal. Next, the parameters 
sp are set as  

 
  1

821 ,,,max  pp mmmms  .                  (5) 
 

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.  

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 ρ = 0.9. The range of signal values is set 
to [-128, 127], namely 8 bit depth. 
    Figure 4 summarizes MAV in each channel at F=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 = log2(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. 4  Maximum absolute value (MAV) in each channel.  
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Fig. 5  Variance of the rounding noise in frequency domain. 
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Fig. 6  The rate-distortion curves in lossy coding mode. 
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Fig. 7  Quality of decoded signals versus word length of integers. 

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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