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Abstract—This paper increases the coding performance for 
four-dimensional (4D) image based on the region of interest (ROI) 
coding implemented in the non-separable double lifting structure 
of 4D integer wavelet transform (WT). The WT has succeeded its 
predecessor, the discrete cosine transform (DCT), which has been 
widely used in image compression international standard, the 
JPEG 2000 since more than a decade ago. The conventional lifting 
structure which is known as the separable structure has many 
rounding operators that will increase the rounding noise inside the 
transform. The higher the rounding noise inside the transform, the 
lower the coding performance. Thus, a non-separable structure of 
double lifting WT is introduced to reduce the rounding noise. The 
non-separable structure is compatible with the conventional 
wavelet-based JPEG 2000. Furthermore, an ROI coding based 
non-separable integer WT is proposed by utilizing both lossy and 
lossless compression and it was observed that the proposed method 
increased the coding performance of 4D image. 

I. INTRODUCTION  
The 4D images such as 4D magnetic resonance image 

(MRI), 4D computed tomography (CT) and other types of 4D 
medical images have high slice resolution up to 1024×1024 or 
more at increasing pixel bit-depth [1]. Recently, they are 
gradually being collected and used in medical field [2]. The 
limitations in storage space and transmission bandwidth has 
triggered a huge investigation on multidimensional and 
dynamic image compression to efficiently store and transmit 
them. 

JPEG 2000, which has been approved as an international 
standard for the compression of still digital pictures, is currently 
wavelet-based unlike JPEG which use discrete cosine transform 
(DCT) [3] .There are two types of wavelet transform (WT) used 
in the JPEG 2000, which are the Daubechies (9,7) for lossy 
compression [4] and the (5,3) LeGall wavelet [5], which has 
rational coefficients, for the reversible or lossless compression. 
It also specifies that these should be executed using the lifting 
scheme [6]. 

The transform has been extended to 4D transforms for the 
4D image compression [7, 8]. However, the transform is 
composed of separable structure based on JPEG 2000 where the 

data is transformed separately in spatial and temporal 
dimensions.  

A new class of non-separable 2D structure has been reported 
in [9, 10]. The transfer function can be expressed as a product 
of 1D function. The transform based on this structure is 
compatible to the separable transform. The non-separable 
structure is not a cascade of 1D signal processing in 1D 
structure, but, it requires the multidimensional memory 
accessing. The non-separable three-dimensional (3D) structure 
is also proposed in [11]. This structure has an advantage that it 
will decrease the total number of lifting steps and the rounding 
operations inside it. 

Unlike those previous studies on the 2D and 3D case, this 
paper proposes a non-separable double lifting structure of (5,3) 
filter for 4D integer WT with reduced amount of the rounding 
noise. It contributes in increasing the coding performance of 4D 
data compression system. But, as the lossless coding only 
includes rounding noise in the system compared to the lossy 
coding which has both quantization and rounding noise, the 
coding performance of the double non-separable lifting integer 
WT is found to be just slightly increased. The performance of 
lossy coding which use the non-separable quadruple lifting 
structure of (9,7) filter for 4D integer WT in [12] is increased 
too, but, as it is important to preserve the information in medical 
image, the lossy coding is not preferable to compress this type 
of data. 

 Therefore, a region of interest (ROI) coding is introduced 
to utilize both lossy and lossless coding of the non-separable 
lifting structure 4D integer WT to compress the 4D image 
efficiently by preserving the important part of the image only. 
Several studies of ROI coding for 2D image are done in [13] 
and 3D image in [14]. To the best of our knowledge, this paper 
is the first to propose the ROI coding for 4D image. The 
variance of the noise in frequency domain and the coding 
performance of a 4D image are clarified in this paper. 

II. FOUR-DIMENSIONAL INTEGER WAVELET TRANFORM 
A. Separable 4D structure  

Fig. 2 illustrates a separable 4D structure. In JPEG 2000 
standard, the 1D processing is applied to a 4D signal in x, y, z 
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and t dimension, where x and y denotes the two spatial 
dimensions within a slice, the variable z denotes the third spatial 
dimension within a volume and t denotes the fourth temporal 
dimension. For a 4D input signal X(z), the transform splits the 
input signal into 16 channels as shown in Fig. 1. In JPEG 2000 
standard, equation (1) is applied in the 1st and 2nd lifting steps 
of the spatial dimension, x  

1
1 ,     (1) 

followed by the 3rd and 4th lifting steps in the spatial dimension, 
y, the 5th and 6th lifting steps in the spatial dimension, z and the 
7th and 8th lifting steps in temporal dimension, t.  

 

 Fig. 1 Decomposition of a 4D input signal This structure, however, increases total number of lifting 
steps as well as the number of rounding operators inside it, 
which has 8 lifting steps and 64 rounding operators, thus 
increasing the rounding noise inside it. Therefore, a new double 
lifting structure called the non-separable 4D integer WT is 

proposed to overcome these problems. 
B. Non-separable 4D structure 

Fig. 3 shows the non-separable 4D lifting structure. In this 
structure, multi-input single-output lifting steps are introduced. 
Comparing to the existing separable structure, the total number 
of rounding operations is also decreased from 64 to 16 (25%). 
The total amount of rounding noise is reduced as shown in 
Section 4. 
     For example, the signal in YHHHH is produced as 

,        (2) 
for 

∙ , (3) 

where z=(zA, zB, zC, zD), in the 1st lifting step.  
 In this step, a 4D filtering with 4D memory accessing 

  is used. It could be done 
simultaneously on a parallel signal processing platform since it 
is not necessary to wait for calculation results of each other. 
Similarly, prediction of the other channels is also independent. 
The updating in the 2nd to 5th lifting steps are also performed. 

Fig. 2 Separable structure for 4D integer WT 
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       Note that there is no difference between separable structure 
in Fig. 2 and the non-separable structure in Fig. 3 in respects of 
signals. It means that both are expressed with the same transfer 
function which is a product of 1D function. However, in case of 
noise, those are different. The structure in Fig. 3 is expected to 
have less rounding noise because it has less rounding operations. 
The rounding noise is investigated in Section 4. 

III. REGION OF INTEREST (ROI) BASED ON NON-SEPARABLE 4D 
INTEGER WAVELET TRANSFORM (PROPOSED) 

      In order to further improve compression performance of 
four-dimensional image, the ROI based on non-separable 
double lifting 4D integer WT is proposed as shown in Fig. 4. 
First, the ROI of image is predetermined manually and the 
image is split into the ROI part and the non-ROI part. Then, the 
ROI part will be compressed in lossless mode to preserve the 

part’s essential bits of information, whereas the non-ROI part 
will be compressed in lossy mode as it is assumed that this 
part’s information is permitted to be reconstructed with 
accepted perception loss. Then, the image is reconstructed by 
combining both the reconstructed ROI and non-ROI part as 
shown in the equation (4). 

,             (4) 
IV. EXPERIMENTAL RESULTS 

       In the following experiments, a set of grayscales 4D MRI 
data with 8-bit depth provided in [15] was tested as shown in 
Fig. 5. The size of the image is 50×224×16×16 pixels, which is 
expressed in  sequence. Note that each image was 
normalized to the range [0,255] for display purpose in Fig. 5. In 
this paper, the variance of the noise in frequency domain and 
the coding performance of the image was investigated. 

Fig. 3 Non-separable structure for 4D integer WT 

Fig. 4 ROI coding for non-separable double lifting structure of integer WT (Proposed) 
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 (a) Tested image 

 (b) ROI part of the image 

  (c) Non-ROI part of the image 
Fig. 5 Tested data 

A. Evaluation of Rounding Noise 

 (a) Tested image 

 (b) ROI part of the image 

 (c) Non-ROI part of the image 
Fig. 6 Variance of rounding noise in each frequency band 

Since fewer rounding operators does not always imply less 
rounding errors in total [9], total amount of rounding errors 
contained in the output frequency band signals was investigated. 

The difference between output from wavelet transform without 
rounding and that with rounding is defined as the error. Fig. 6 
(a) - (c) indicate variance of the rounding error in each 
frequency bands for tested image, the ROI part of the image and 
the non-ROI part of the image, respectively. The average 
amount of rounding errors for the tested image, the ROI part of 
the image, and the non-ROI part of the image were reduced to 
32.85[%], 9.11[%] and 43.24[%] respectively. It was found that 
variance of rounding noise in the separable 4D structure is 
distributed randomly in all type of data. In most cases, variance 
of the rounding error in ‘HHHH’ band of non-separable was the 
lowest. On the contrary, variance of rounding error in ‘LLLL’ 
band of non-separable was the highest. By using the non-
separable 4D integer WT structure, the rounding noise is 
reduced and the energy is further compacted to the low 
frequency band signal, thus reducing the entropy rate of the 
compressed image, which will eventually increase its coding 
performance.  
B. Evaluation of Coding Performance 
 

 Fig. 7 Coding performance for the 4D MRI Image 
     Fig. 7 indicates the rate-distortion curve of separable and 
non-separable structure of 4D WT with and without ROI tested 
in 4D MRI data. The horizontal axis and the vertical axis 
represents the entropy rate measured in bits per pixel [bpp] and 
peak signal noise-to-ratio (PSNR) of the reconstructed signal 
which represents the quality of reconstructed image, 
respectively. The transformed data is encoded by using the 
Embedded Zerotree Wavelet based on Intraband Partitioning 
(EZW-IP) [16] encoder developed in 3D, where each temporal 
subband are independently coded. It was observed that non-
separable 4D with ROI performed best compared to others. 
Under the same bit rate, the PSNR was increased by 3.30[dB], 
3.13[dB] and 0.97[dB] when the non-separable 4D with ROI is 
compared with the separable 4D without ROI, non-separable 
4D without ROI and separable 4D with ROI. Compared to the 
lossless coding, the non-separable 4D performed better in lossy 
coding. This is because, there are both quantization noise and 
rounding noise inside the compression system. The 
quantization noise for the separable and the non-separable 4D 
is the same, but, the rounding noise in the non-separable is 
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lower than in the separable, thus, increasing the coding 
performance in lossy mode. Unlike the lossless coding mode, 
there is only rounding noise inside the system which will only 
give significant influence on the difference of performance. 
Therefore, by implementing both lossy and lossless coding in 
non-separable with ROI, a high coding performance can be 
achieved. 

V. CONCLUSION 
      A non-separable 4D integer WT compatible with the 
existing separable 4D double lifting integer WT is proposed. 
Non-separable multidimensional lifting structure is introduced 
to decrease the rounding operators by 75[%] and further 
reducing the rounding noise by approximately 40[%]. It is 
beneficial to implement our integer WT with ROI which has 
compatibility with the conventional integer WT that has been 
broadly used as an international standard nowadays, since the 
important information can be well preserved while reducing the 
rounding noise and increasing its coding performance. 
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