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ABSTRACT 
Pyramid Image Coding is a natural coding scheme for 
applications where progressive transmission is desired. 
In this kind of coder, versions of the original image 
at several resolution levels are formed by successive 
filtering and subsampling. Then, beginning from the 
coarsest image, the image is used to produce an esti- 
mate for the next (higher resolution) level and the error 
is coded and transmitted. While expansive pyramids 
(e.g., Burt’s Laplacian Pyramid) are usually less effi- 
cient, non-expansive pyramids tend to produce ringing 
(e.g., Subband/Wavelet) and/or blocking (e.g., DCT). 
In this paper we introduce a non-expansive pyramid 
that does not. produce ringing or blocking effects. In- 
stead, the main artifact is texture removal. The sim- 
ulations have produced images with entropies in the 
range of .2 to 1.5 bpp, with SNR figures similar to or 
better than JPEG at equivalent rates. The proposed 
coder has several atractive features, including 8 bit in- 
teger operations only, a perfect reconstruction mode, 
progressive transmission and an interesting progressive 
computatiorl property. 

1. INTRODUCTION 

When transmitting images over slow channels, progres- 
sive image transmission may be of interest. Several al- 
gorithms allow for “progressive transmission modes” [l]. 
Among these, the pyramid coders are specially interest- 
ing, since the coding of the image at several different 
resolutions is the essence of the coder, with no extra 
processing being necessary to compute the intermedi- 
ate images. 

In a pyramid coder, versions of the original image 
at several resolution levels are formed and (progres- 
sively) transmitted. Figure 1 shows the basic structure 
of a 3-stage pyramid coder. In Burt’s “Laplacian Pyra- 
mid” [2], the lower resolution images are produced from 
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the original image by lowpass gaussian filtering (to re- 
duce aliasing) and subsampling, and the reconstruction 
process uses a similar filter for interpolation. These lin- 
ear filters have the undesired effect of blurring the edges 
of the images, and several authors have applied math- 
ematical morphology to this pre-filter in order to im- 
prove edge preservation [3, 4, 51. They have used mor- 
phological operations (openings, closing, or dilations) 
to avoid aliasing without blurring the edges, but their 
success has been limited by the use of non-critical sam- 
pling strategies, implying a higher entropy in the differ- 
ence pyramids, and therefore reducing the efficiency of 
the coder. The efficiency in the lower resolution levels 
of the pyramid was so low that a scheme that does not 
involve subsampling has been proposed [SI. 

With the recently introduced Critical Morphologi- 
cal Sampling Theorem [7, 81, 100% better efficiency c m  
be obtained in these lower resolution levels. In [8] we 
used critical morphological sampling to produce a pyra- 
mid with lower redundancy. Nevertheless, that pyra- 
mid has the disadvantage of expanding the number of 
points to be coded by approximately 33% (as in the 
Laplacian and many other pyramid structures). In this 
paper we propose a non-expansive version of that pyra- 
midal structure. This has been acomplished by com- 
pletely removing the anti-aliasing filter (and therefore 
guaranteeing that one out every four samples in each 
difference image will be zero). The final structure is 
therefore similar to a hierarchical DPCM structure[9]. 

When compared to other coding techniques, the 
proposed coder has several advantages, including 8 bit 
arithmetic (i.e., it involves only fixed range, integer op- 
erations), multiplier-free filters (a division by 2 may be 
required), a perfect reconstruction mode, progressive 
transmission, and progressive computation on both de- 
coder and encoder. A SNR comparison with JPEG 
shows a slight advantage to the proposed coder. A sub- 
jective comparison of the coded images shows a clear 
advantage of the proposed coder on flat regions and 
sharp edges, with no ringing or blocking (both common 
in JPEG images). On the other hand, JPEG performs 
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Figure 1: Basic structure of a (3-level) pyramid coder 

better on regions characterized by textures. 
Section 2 reviews the general structure of a pyra- 

mid coder. Section 3 discusses the reconstruction algo- 
rithm. Section 4 presents results of some simulations 
and Section 5 summarizes the conclusions. 

The structure of a generic pyramid coder/decoder is 
shown in Figure 1 .  It  contains several similar stages 
(three stages in this figure). In each of these stages 
the signal is filtered, and then subsampled. The sub- 
sampled image is then used as the image for the next 
stage, where the same process is repeated. At each 
stage, an estimate for the higher resolution level is re- 
constructed, and the difference between this estimate 
and the true image at that level is quantized and trans- 
mitted. The same reconstruction process is used in 
t,he receiver in order to recover the image. The differ- 
ences among pyramid coders are in the filtering, recon- 
struction and quantization processes. Burt’s Laplacian 
Pyramid Coder [2] uses Gaussian-like filters for both 
anti-aliasing filtering and reconstruction. Several other 
schemes have been proposed based on Burt’s scheme. 
While linear and morphological filters are both com- 
mon as the anti-aliasing filters, the reconstruction pro- 
cess has been most often a linear process. In the quan- 
tization step both scalar and vectorial quantization are 
common. In [8] we introduced a pyramid coder where 
we used the recent Critical Morphological Sampling 
Theorem to help design effective anti-aliasing and re- 
construction filters. In this paper we introduce a ver- 
sion of that coder where the anti-aliasing filters have 
been removed. Therefore the boxes labeled “Filter & 
Subsample” in Figure 1 consist only of a decimation 
process. The associated reconstruction process is de- 

2. CODER STRUCTURE 
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signed taking into account the fact the aliasing may 
have occured. 

3. THE RECONSTRUCTION PROCESS 

The reconstruction process can be described as a single, 
fixed, WOS filter (Weighted Order Statistics filter), but 
a description as a space varying filter is more informa- 
tive. Suppose we have an N x N image X ,  and want to 
estimate the 2N x 2N version Y .  The reconstruction 
process can then be described in the following way: 

1. For samples where both coordinates are even make 
Y ( 2 i , 2 j )  = X ( i , j ) .  

2. For samples with first coordinate even, and sec- 
ond coordinate odd, i.e., Y ( 2 i , 2 j  + 1 )  compute 
a weighted median of { X ( i  - l , j ) , X ( i  - l , j  + 
with weights { 1 , 1 , 3 , 3 , 1 , 1 } .  
l ) , X ( 2 , j ) , X ( i , j  + 1 ) , X ( i  + k j ) ,  X ( i +  1 , j  + 1 ) )  

3. For samples of the form Y(2i + 1,2 j ) ,  compute 
the symmetric version of the previous step. 

4. For samples of the form Y(22 + 1,2 j  + l ) ,  com- 
pute the median of { X ( i , j ) , X ( i  + l , j ) , X ( z , j  + 
l), X ( i  + 1 , j  + 1 ) ) .  

Note in particular that items 2 and 3, although us- 
ing a mask that includes samples reasonably far from 
the sample being reconstructed, has been designed in 
such a way the the resulting value will always be be- 
tween the values of the two closest pixels. An imme- 
diate consequence of this is that edge ringing is com- 
pletely eliminated. 

This reconstruction algorithm has been shown to 
be capable of producing images with very good sub- 
jective quality, and with the additional advantage of 
having a smaller reconstruction error than the linear 
reconstruction. The good performance of the filter can 
be attributed to the fact that it is capable of partially 
recovering the directional information contained in the 
subsampled signal, and the interpolated values indi- 
rectly take this into account. Note that this produces 
a kind of directional reconstruction without the need 
of estimating any directional information, as in [lo]. 

Notice also that the reconstruction process does not 
involve any multiplications’, and that all operations are 
8-bit operations. In fact it can be shown that even the 
difference operation can be restricted to 8-bits by us- 
ing arithmetic module-25G. If no further quantization 
is used, this will atomatically produce an exact recon- 
struction, since no round-off errors are involved. 

‘ a  sum followed by division by two is used t o  solve the ties 
A subtraction is necessary t o  compute the in the WM filter. 

residual. All other operations are comparisons. 



Figure 2: original 256x256 image 

Level Quant. Entropy Equiv. Total 

Proposed Pyramid (PSNR = 38.5 dB) 
' 4( 192) 1 6.769 0.026 0.026 

3(768) 2 5.725 0.067 0.093 
2(3,072) 4 4.102 0.192 0.285 
1(12,288) 8 2.417 0.453 0.738 
0(49,152) 16 0.927 0.695 1.433 

Laplacian Pyramid (PSNR = 37.4 dB) 
4(256) 1 6.682 0.026 0.026 

3(1,024) 2 5.164 0.081 0.107 
2(4,096) 4 3.572 0.223 0.330 
1(16,384) 8 2.044 0.511 0.841 
0(65,536) 16 0.845 0.845 1.686 

(# pels) step (bPP) bPP bPP 

4. PERFORMANCE 

Proposed Method 
Entropy + 5% SNR 

1.75 40.38 

To evaluate the performance of the coder, we imple- 
mented a 5-stage coder and compared with the equiva- 
lent Laplacian pyramid coder and with a JPEG coder, 
using a 256x256 version of the image Lenna (Figure 2). 
We have used the (first-order) entropy of the quantized 
signal as an estimate for the bit-rate of the coded im- 
age. Of course, to attain that rate, arithmetic coding 
should be used. When comparing rates with JPEG, we 
allow for a 5% margin to account for non-ideal coding. 

The comparison with the Laplacian Pyramid coder 
can be done in a very direct way, because the basic 
structure of the two coders is similar. For comparison, 
we used the same quantization steps of 16, 8, 4, 2, and 
1, in the difference images a t  levels 0, 1, 2, 3, and 4 
respectively in both images, producing the results in 
Table 1. In that table, each line corresponds to one 
level of the pyramid, beginning from the coarser image 
(16x16). Note that the proposed scheme produces a re- 
sult that is 1.12 dB better than the Laplacian Pyramid, 
and yet, the entropy of the error pyramid is smaller 
(1.43 bpp vs. 1.68). This result is 0.14 bpp better than 
the one obtained with the pyramid presented in [8]. 
As one would expect, the artifacts introduced by both 
coders are similar, and the subjective quality of the 
images match the 1 dB objective quality improvement. 

The reconstruction process produces images with 
good subjective quality, even if no information about 
the difference image is transmitted at the highest res- 
olution level. Based on this, we designed a more ap- 
propriate (scalar) quantizer for the proposed pyramid, 

JPEG 
Bit Rate SNR 

1.75 38.72 

Table 1: Entropy and SNR for a direct comparison between 
Laplacian and the proposed Morphological Pyramid 

0.70 

0.20 

Table 2: SNR comparison between JPEG and the proposed 
coder 

and we were able to obtain very good results with even 
smaller (estimated) bit rates. The modified quantizer 
is essentially a uniform quantizer with a larger center 
bin, as the optimal quantizer for a Laplacian distribu- 
tion [ll]. Table 2 shows the bit rate and SNR rates 
for the proposed coder and JPEG. The bit rates cor- 
respond to true bit rates for the JPEG coder. For the 
proposed coder, we estimated the equivalent bit rate, 
based on the entropy of the difference signal plus a 
5% margin to compensate for side information and the 
non-optimality of the entropy coders. Observe that the 
performance of the two coders on bit rates around .7 
bpp is practically identical in terms of SNR. But the 
absence of blocking and ringing artifacts in the images 
produced by the proposed coder results in an image 
with a superior subjective quality. In fact, the JPEG 
coder introduces many artifacts in the image (block- 
ing, ringing near the edges, false textures, etc), while 
the proposed coder introduces very few such artifacts, 
the main distortion being the removal of the texture 
in some regions. For higher rates, distortion is es- 
sentially negligible at 1.75 bpp for both coders. The 
proposed coder seems to have a much higher dynamic 
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range; it can be pushed up to perfect reconstruction (at 
entropy = 4.63 bpp) or down to rates around 0.15 bpp, 
where JPEG starts to break down and become very 
blocky. Corresponding images for JPEG and the pro- 
posed coder are shown in Figures 3 4 and 5, for bit 
rates of 1.75 bpp, 0.70 bpp and 0.15 bpp respectively. 
While the edge ringing and blocking artifacts of JPEG 
have proved difficult to overcome, it may be relatively 
easy to combine the proposed coder with some texture 
coding algorithm to improve the texture preservation 
of the proposed coder. 

5. CONCLUSIONS 

We have presented a new Non-Expansive Pyramid coder. 
The non-expansive characteristic has been obtained by 
removing the anti-aliasing filter, and using a non-linear 
reconstruction process that limits the effects of alias- 
ing, while producing sharp reconstructed images. We 
showed that the coder compares favorably to a Lapla- 
cian Pyramid coder in relation to both SNR and bit 
rate. When compared to a JPEG coder, we observed 
that the proposed coder (using a similar bit rate) pro- 

Figure 3: JPEG (top) and proposed coder (bottom) at 1.75 Figure 4: JPEG (top) and proposed coder (bottom) at 0.70 
bPP. bPP 
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duces an image with very few artifacts, with a higher 
subjective quality, even though it has a similar SNR. 

The coder has many attractive features for real-time 
implementations, including the fact that all operations 
can be performed with 8-bit precision (for a 8-bit im- 
age), low complexity (in particular, multiplier-free fil- 
ters are used), high locality (the filters are within a 
3x3 window), and progressive transmission. Addition- 
ally, it is interesting to note that the processing is done 
from bottom to top (i.e., from the lower resolution level 
to the higher resolution level). This - combined with 

progressive transmission - may be important in some 
applications where the available computing power is 
not known a priori, but a limited time is available for 
transmission (e.g., video coding on a CPU running sev- 
eral other process in parallel). 

Future work will explore the redundancy remain- 
ing in the difference pyramid. This will include dif- 
ferent subsampling geometries, vector quantization of 
the residuals, and improvement of the reconstruction 
process. 
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